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ABSTRACT

DNA can be damaged by reactive nitrogen intermediates (RNI) and reactive
oxygen intermediates (ROI) from both endogenous and exogenous sources. Under
nitrosative stress conditions, DNA may be modified through base deamination or
crosslinking. Uracil (U), xanthine (X) and oxanine (O), hypoxanthine (I), and thymine
(T) are the corresponding deamination products derived from cytosine (C), guanine (G),
adenine (A), and 5-methylcytosine, respectively. To remove DNA damage, cells are
equipped with a variety of DNA repair enzymes which participate in different repair
pathways.
My dissertation work involves studies of genes and enzymes in nucleotide
excision repair (NER) and base excision repair (BER) pathways.

Chapter 1 is an

overview of DNA damage and repair pathways. Chapter 2 presents a genetic
investigation on screening of genes involved in resistance to nitrosative stress in
intracellular bacterial pathogen Coxiella burnetii and characterization of DNA repair
genes uvrB, uvrA and uvrC. This work shows the relationship between NER and RNI
(Reactive nitrogen intermediates) resistance in C. burnetii. Chapter 3 shows a
biochemical study on deaminated repair activities in DNA repair enzymes in E. coli.
Finally, chapter 4 discusses the deaminated base repair properties of a TDG/MUG family
enzyme in the UDG superfamily from fungal pathogen Penicillium marneffei (Pma). This
study shows Pma MUG can excise all four deaminated bases from DNA with strongest
activity on hypoxanthine. Mutational analysis coupled with molecular modeling was used
to pinpoint amino acids in the active site that are important for its catalytic function.
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Overall, these studies provide new insights on the role of NER and BER genes in
resistance to nitrosative stress and repair of deaminated base damage in bacteria and
fungi.
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CHAPTER ONE
DNA DAMAGE AND REPAIR

I. Introduction
DNA is the material carrying the genetic information in the cell. Therefore, it is
important to transfer it correctly from one generation to the next. However, DNA is
constantly attacked by both endogenous and exogenous DNA damaging reagents. If it is
not repaired correctly before replication, DNA sequence will be changed and therefore,
cells will not only pass the wrong information to next generation, but also result in
mutagenesis, carcinogenesis and aging in its own generation. So, cells have developed
various DNA repair pathways to remove DNA damage. To date, various sources of DNA
damage and DNA repair mechanisms have been studied by many research groups as well
as our group. In this chapter, firstly, I will introduce the sources of DNA damage.
Secondly, several types of DNA repair pathways will be discussed in detail. Finally, I
will review the relationship between host defense mechanisms and pathogenesis to cover
my research projects.

II. Sources of DNA damage
A. Reactive oxygen species
Reactive oxygen species (ROS) are small reactive molecules carrying oxygen
atom. It is one of the major endogenous sources of DNA damage. It can be generated in
normal cellular process as the result of natural byproduct of cell metabolism [1]. It is

toxic radicals that have harmful effects on DNA. However, it can also play a positive role
in the cell. It can be produced to serve several cellular functions such as cell signaling
and induction of host defense.
The reactive oxygen molecules mainly include hydrogen peroxide (H2O2),
superoxide (O2-) and hydroxyl radical (OH·). In particular, hydroxyl radical is the most
reactive molecule and causes most DNA damages [2, 3]. The hydroxyl radical-mediated
oxidative damage includes oxidized bases, abasic sites, DNA–DNA intrastrand adducts
[4, 5], DNA strand breaks and DNA–protein cross-links [6]. For the oxidized bases,
hydroxyl

radicals

deoxyguanosine

attack

guanine

(8-oxo-dG)

and

base
2,

and

generate

8-oxo-7,

8-dihydro-20-

6-diamino-5-formamido-4-hydroxypyrimidine

(FAPy-G) [1, 3]. It also attacks adenine base and yields 8-hydroxyadenine (8-OH-Ade)
and 4, 6-diamino-5-formamidopyrimidine (FapyAde) [2]. Hydroxyl radical also adds to
thymine and cytosine, generating several derivative oxidized bases including thymine
glycol and cytosine glycol, respectively [2]. If these oxidized bases are not repaired, it
will generate mutations.

B. Reactive nitrogen species and nitrosative stress
Reactive nitrogen species (RNS) are antibacterial molecules derived from nitric
oxide (NO·) produced by the enzyme called inducible nitric oxide synthase (iNOS) [7, 8].
The iNOS is expressed in macrophage as a part of innate immune response [8]. Nitric
oxide is an unstable chemical compound. It works as a signal molecule in the cell.
However, it is toxic to the cell, because it has high reactivity due to its unpaired electron.
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It makes several DNA damages including deamination of DNA base [11] and DNA
strand breaks [9].
DNA deamination leads to the removal of an amino group from DNA base.
Among four normal DNA bases, three of them (adenine, cytosine and guanine) have an
amino group. DNA deamination results in the conversion of adenine (A), cytosine (C)
and guanine (G) to inosine (I or Hx, hypoxanthine), uracil (U) and xanthine (X)/oxanine
(O), respectively (Figure 1.1).

Figure 1.1: Schematic representation of DNA deamination of cytosine, adenine and
guanine to uracil, hypoxanthine and xanthine/oxanine, respectively [10].

Deamination of cytosine results in uracil. Uracil can make a base pair with
adenine. So, deamination of cytosine leads to G:C to A:T transition if it is not repaired
correctly [12, 47]. This mispaired uracil will be repaired mainly by the uracil DNA
glycosylase superfamily in the base excision repair (BER) pathway which will be
discussed later in detail. There is high level of uracil glycosylase in the cell, so uracil
usually can be repaired easily [21].
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Deamination of adenine results in hypoxanthine (or inosine in DNA).
Hypoxanthine can form a base pair with cytosine. So, deamination of hypoxanthine
introduces A:T to G:C mutation into the genomic DNA if unrepaired [55]. The repair
enzymes recognizing inosine include endonuclease V, alkyladenine DNA glycosylase,
some members of the MUG/TDG family and family 5 UDG such as Pa-UDGb.
Deamination of guanine results in xanthine and oxanine. Xanthine and oxanine
are mainly produced by the deamination of guanine, when it is reacted with HNO2 or
N2O3 [11, 13, and 14]. Xanthine and oxanine can be a pair with thymine and they cause
the G:C to T:A transition mutation [14]. To repair xanthine and oxanine, there are several
repair enzymes including endonuclease V, AlkA (3-methyladenine DNA glycosylase II)
and endonuclease VIII/Fpg family in the E. coli system. In humans, AlkA homologous,
Mpg (methylpurine glycosylase or AAG) recognizes xanthine or oxanine to repair it [15,
16, and 17]. The 2'-Deoxyxanthine (dX) has been assumed to be an unstable lesion in
cells. However, there was one recent report showing that dX is relatively stable at pH 7
[22].
Nitrosative stress can be caused by the release of reactive nitrogen species. One
major product giving nitrosative stress to cell is dinitrogen trioxide (N2O3) which is
produced by the oxidation of nitric oxide [19]. This is predominant nitrosating agent
arising from nitric oxide at physiological pH [20]. Direct attack of N2O3 results in DNA
deamination.
The other important nitrosating agent is peroxynitrite (ONOO-). It is produced by
the reaction with nitric oxide (NO·) and superoxide anion (O2-) [11]. The reaction of
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peroxynitrite with guanine base generates 8-nitroguanine and 8-oxoguanine [18].
Peroxynitrite gives oxidative DNA damage rather than DNA deamination. There is one
report identifying DNA deamination (xanthine) and oxidation (5-hydroxymethyl uracil,
FAPY-G and 8-oxoguanine) in the activated macrophages [23]. Therefore, nitric oxide
plays a dual role including both DNA deamination and oxidation in the activated
macrophages via N2O3 and ONOO- formation.

C. DNA crosslink and DNA damage
Cross linking of DNA arises from both endogenous and exogenous agents. It can
either occur in the same strand of the DNA (intrastrand crosslink) or in the opposite
strands (interstrand crosslink). For DNA damage involving one DNA strand only, the
complementary strand can provide a template to restore DNA sequence information.
However, DNA damage involving both DNA strands may have more serious problems
by losing a correct template. Therefore, DNA interstrand cross-links (ICL) could be the
most cytotoxic DNA damage. ICL blocks transcription and DNA replication [24]. In E.
coli system, nucleotide excision repair (NER) and homologous recombination repair
(HRR) systems work together to eliminate ICL [36]. Due to their high cytotoxicity, ICLforming agents are widely used in cancer therapy [25].
There are several cross linking agents. One of them is psoralens. Psoralens are
natural compounds present only in plants [26]. They are activated by UV light [27]. They
form adducts with pyrimidines, predominantly with thymine [28]. This uniquely modified
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DNA is the substrate for E. coli ABC excinuclease to determine its incision mechanism
[28].
The nitrogen mustard is another family of cross linking agents and is also used as
chemotherapeutic agent [29]. The most common nitrogen mustard used in experiment is
bis(2-chloroethyl)methylamine (HN2, mechlorethamine) [30]. HN2 forms N7 guanine
mono-adducts and generates ICL at two N7 atoms of guanines [31]. In addition, it forms
guanine-adenine ICL and adenine-adenine ICL [29]. HN2 also causes several different
mutations such as base substitutions, intragenic and multilocus deletions and
chromosomal rearrangements [31].
One of alkylating agents such as bis(2-chloroethyl)nitrosourea (BCNU,
carmustine) is also a cross linking agent and used in tumor therapy [30]. BCNU creates
exocyclic DNA adducts of the O6 position of guanine [32].
Mitomycin C (MMC) is a natural quinine-base antibiotic isolated from
streptomycetes [34]. It is also cross linking agent and used in chemotherapy [33]. MMC
itself does not react with DNA directly, but it is required in the reaction leading to DNA
adduct formation [30]. Besides forming DNA adduct, it induces formation of reactive
oxygen species (ROS) which is toxic to the cells [35].
The formation of DNA-protein cross links is also prevalent in the cells, as well as
DNA-DNA cross links [37]. It is induced by treatment of protein bound DNA with UV
light [38], formaldehyde (HCHO) [39], or dimethyl sulfate [40]. This kind of DNA
damage is mainly repaired by nucleotide excision repair (NER) pathway [41].
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Besides several cross linking agents, reactive nitrogen species (RNS) also can
generate DNA intrastrand, DNA interstrand, and DNA-protein cross-link [11]. Nitric
oxide can induce interstrand DNA cross-link [149]. DNA crosslink is repaired by NER
pathway and DNA base deamination is repaired by BER shown in Figure 1.2.

Figure 1.2: Two main DNA repair pathway under nitrosative stress. Base Excision
Repair (BER) pathway removes DNA base deamination and Nucleotide Excision Repair
(NER) pathway removes DNA crosslink. This is modified figure of DNA repair
pathways [151].

III. DNA repair mechanisms and pathways
A. Base excision repair (BER)
BER is one of major pathways to repair DNA damaged bases such as deaminated
base (uracil, inosine, xanthine, oxanine), oxidized base (8-oxoguanine, FapyG, FapyA),
or alkylated base (3-methyladenine, 7-methylguanine). This repair pathway is initiated by
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an enzyme called DNA glycosylase which recognizes and removes specific damaged
base. DNA glycosylases cut N-glycosidic bond that links damaged base to deoxyribosephosphate backbone. Therefore, it releases the damaged base from DNA helix, creating
AP site.
An AP site (apurinic/apyrimidinic site), also known as an abasic site, is then
cleaved by an AP endonuclease. Some DNA glycosylases show dual function having
both glycosylase activity and AP endonuclease activity within a single enzyme. So, they
are called bifunctional enzyme. If DNA glycosylase has only glycosylase activity, it is
called monofunctional enzyme.
AP site itself is highly cytotoxic if it is not repaired [43]. It can block DNA
replication strongly [44]. Additionally, unrepaired AP site may generate SSBs (single
strand breaks) [45]. AP endonucleases are usually divided into two groups based on their
homology to the ancestral bacterial AP endonucleases, endonuclease IV and exonuclease
III [46].
After forming a single base gap by both glycosylase and AP endonuclease in
initial step, it is then filled by DNA polymerase which inserts a correct base. And it is
finally sealed by DNA ligase for complete repair [42]. Therefore, many enzymes are
involved in BER pathway as shown in Figure 1.3. Among them, the main enzyme is the
DNA glycosylase initiating first step. Therefore, various DNA glycosylases will be
discussed in this section in detail.
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Figure 1.3: Schematic representation of DNA base excision repair (BER) showing
several enzymes involved [79].

1. UDG (Uracil DNA glycosylase) superfamily
Uracil DNA glycosylase superfamily consists of five families based on their
different substrate specificity [47, 48 and 58]. Family 1 UDGs include E. coli UNG
which is the most extensively studied enzyme within UDG superfamily [49]. Family 2
UDGs are mismatch-specific DNA glycosylases including E. coli MUG and human TDG
[50]. Family 3 UDGs are single-stranded specific UDGs, named SMUG [51]. Family 4
UDGs are found in thermophilic organisms. This family is the only UDG family having
an iron sulfur cluster [52, 53, and 54]. Recently, family 5 UDGs was also discovered in
thermophilic organisms. They lack a polar residue at the active site and have broad
substrate specificity including uracil [48, 55].
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1) Family 1 UDGs
Uracil occurs frequently in DNA by either deamination of cytosine or
misincorporation of dUMP instead of dTMP [56, 57]. Therefore, G/U mismatch is
generated by cytosine deamination and A/U mismatch is generated by misincorporation
of dUMP during replication. UDG (uracil DNA glycosylase) removes uracil from G/U
and A/U mismatch pair. UDG, also known as UNG in human, is highly ubiquitous in
either prokaryotes or eukaryotes. The first UDG was isolated from E. coli [59]. UDG
initiates base excision repair of uracil from both single-stranded and double-stranded
DNA, regardless of whether opposite base is C, G, A, or T on the other strand [47]. UDG
is the monofunctional enzyme. Its activity is inhibited by Ugi which is uracil-DNA
glycosylase inhibitor isolated from a B. subtilis bacteriophage [60]. UDG is highly
specific for uracil in DNA, but it has no activity on naturally occurring uracil in RNA
[61].
In humans, UDG activity is detected in either nuclei or mitochondria. They are
generated by alternative splicing in the UNG gene. The mitochondrial uracil DNA
glycosylase is UNG1 and the nuclear one is UNG2. Both UNG1 and UNG2 have
identical catalytic domain, but they have different N-terminal regions for cellular
targeting [62, 63].
UDG has highly conserved substrate binding pocket providing its high specificity
for uracil [58]. UDGs remove uracil by flipping it out of the double-stranded DNA helix
into their binding pockets. In the binding pocket, the glycosidic bond is hydrolyzed by a
water molecule activated by a polar amino acid. In family 1 UDG, this active site polar
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amino acid is aspartate (D). It is asparagine (N) in family 2, aspartate (D) in family 3,
glutamate (E) in family 4 [55].
2) Family 2 TDG/MUG
TDG (thymine DNA glycosylase) was first found as G/T mismatch-specific
thymine DNA glycosylase encoded by the human TDG gene [64]. 5-methylcytosine is a
methylated form of cytosine generated by DNA methyltransferases [65]. 5-metylcytosine
is frequently found in the cells. The deamination of 5-methylcytosine results in a thymine
which is a normal base. This conversion leads to G:C to A:T transitions, unless repaired
[10]. TDG removes thymine moieties from G/T mismatches by the deamination of 5methylcytosine. TDG also removes uracil from G/U, C/U, or T/U mismatch pair in vitro
[66, 67 and 68]. In addition, TDG has the detected activity on G/I pair to remove inosine
[68].
MUG (mismatch-specific uracil DNA glycosylase) is the bacterial homolog of
human TDG and isolated from E. coli. This enzyme was firstly indentified as the doublestranded uracil DNA glycosylase removing uracil from G/U pair [69]. E. coli MUG is
related to human TDG showing 37% of sequence identity and having the same folding
protein structure [58]. MUG has little sequence homology with UDG of family 1, but
there is a significant structural homology to UDG [50]. However, there are no amino
acids giving high specificity of UDG binding pocket in MUG. Therefore, MUG has much
broader substrate specificity than UDG [71]. MUG can excise an alkylated base, 3, N(4)ethenocytosine (εC) from εC/G pair [71, 72]. MUG also has detected uracil glycosylase
activity on C/U and T/U as well as G/U. In addition, MUG can excise xanthine regardless
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of whatever opposite normal base on second strand, as well as single strand xanthine
substrate [73]. Both MUG and TDG are the monofunctional enzymes and their activity is
not inhibited by Ugi which is UDG inhibitor.
The fission yeast Schizosaccharomyces pombe (Spo) TDG was also characterized
recently [68]. It has detected glycosylase activity on all four deaminated bases, U, I, X
and O, regardless of single-stranded or double-stranded DNA. This is the first enzyme
having xanthine and oxanine DNA glycosylase activity from yeast.
3) Family 3 SMUG
SMUG1 is the single-strand selective monofunctional uracil DNA glycosylase.
SMUG1 has little sequence similarity with family 1 and 2, but shows significant
structural similarity with them. It was first found in Xenopus laevis from the screening
using synthetic inhibitors [51]. Human SMUG1 (hSMUG1) removes uracil efficiently
from G/U and A/U pairs, and single-stranded U, giving the preference to single stranded
rather than double stranded DNA [47]. However, one report showed that SMUG1
functions efficiently on double stranded substrate when enzyme activity measured in the
presence of APE1 (Human AP Endonuclease) [150]. Human SMUG1 has no activity on
G/T mismatch [47]. But it also has the activity on 5-hydroxymethyluracil (hmU), 3,N(4)ethenocytosine, 5-hydroxyuracil (hoU) and 5-formyluracil (fU) [75, 76]. So, human
SMUG1 has broader substrate specificity than UNG2 and acts like backup for UNG2 in
human [75].
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Previously, SMUG1 was thought to exist only in eukaryotes. However, the
bacterial SMUG1 was characterized in Geobacter metallireducens (Gme) recently [77].
Gme SMUG1 shows xanthine DNA glycosylase (XDG) activity as well as UDG activity.
4) Family 4 UDGa
Family 4 UDGa was first discovered in the thermophilic bacterium Thermotoga
maritime [78]. It removes uracil from DNA containing either A/U or G/U base pair or
single-stranded DNA containing uracil. The sequence of this family is distinct from E.
coli UDG of family 1 and shows a low level of homology of E. coli MUG in family 2.
However, overall protein folding structure is similar to family 1 UDG’s folding structure.
It has common active site motifs but there is no catalytic residues conserved within
superfamily [47].
The first crystal structure of this family was revealed in Thermus thermophilus
HB8 (TthUDG) [53]. TthUDG has an iron sulfur cluster distinct from its DNA binding
site. An iron sulfur cluster is unique feature of this family and it was first found in UDG
of Pyrobaculum aerophilum (Pa-UDGa) within this family [54].
There are some homologous genes in several prokaryotic organisms within this
family 4. They include thermophilic eubacteria, mesophilic eubacteria, archaebacteria,
Treponema palladium, Rickettsia prowazekii, and Deinococcus radiodurans [78].
5) Family 5 UDGb
Family 5 UDGb was found in Thermus thermophilus, which is an aerobic, Gramnegative eubacterium [52]. This eubacterium can survive at up to 85°C and have two
uracil-DNA glycosylases (UDGs), termed TTUDGa and TTUDGb. TTUDGa belongs to
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the family 4. TTUDGb is divided into a new family and belongs to family 5 because of
substrate specificity, although its sequence shows 23% sequence identity with TTUDGa.
Unlike TTUDGa, TTUDGb only excises uracil on the double-stranded DNA such as G/U
and A/U, not single stranded uracil.
The other family 5 UDG was also found in the hyperthermophilic crenarchaeon
Pyrobaculum aerophilum, named Pa-UDGb [55]. Unlike the other UDG families, this PaUDGb lacks essential polar amino acid in the active site of the binding pocket. It also
shows unusually broad substrate specificity including G/hmU and T/I substrate [55].

2. Oxidized pyrimidine Repair Glycosylase (Nth) superfamily
The DNA glycosylases recognizing oxidized bases fall into two families by
sequence similarity and architectural folds [58, 94]. The first family is Nth superfamily
and second one is Fpg/Endo VIII family. Nth superfamily includes Nth, MutY, MBD4,
OGG1 and AlkA. They contain HhH (helix-hairpin-helix) motif, so called HhH
superfamily [58]. However, OGG1 is functional homolog of Fpg, so it will be discussed
later as a Fpg/Endo VIII family. And AlkA is the DNA glycosylase to repair alkylated
bases. Therefore, it belongs to Nth family, but functions differently. Therefore, it will be
discussed as a different group later in detail.
Nth is also known as endonuclease III (Endo III) due to its AP lyase activity.
Therefore Nth is a bifunctional enzyme. It was discovered in E. coli showing the activity
for UV irradiated DNA [80]. It is ubiquitous enzyme in three kingdoms of life such as
prokaryote, yeast and mammals. E. coli Endo III crystal structure has been characterized
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and suggested that it has two DNA binding motifs such as helix-hairpin-helix and ironsulfur cluster loop [85]. It shows broad substrate specificity for oxidized pyrimidines
bases including thymine glycol and urea residues [81], cytosine and uracil hydrates [82],
5-hydroxypyrimidines [83]. In addition, it removes 8-oxoG from 8-oxoG/G mismatch
pair [86].
In mammals, there is endonuclease III homolog, named NTH1. NTH1 has broad
substrate specificity and recognizes a wide range of oxidized pyrimidines derivatives
including thymine glycol (Tg), 5-hydroxycytosine, dihydrouracil (DHU), urea, several
oxidized pyrimidines, and ring-opened structure of 1, N6-ethenoadenine [84]. Like E. coli
Nth, human NTH1 also removes 8-oxoG from 8-oxoG/G mismatch pair [86].
In yeast, Saccharomyces cerevisiae, there are two genes homologous with E. coli
Endo III, named NTG1 and NTG2 [87]. Both NTG1 and NTG2 have helix-hairpin-helix
motif, but only NTG2 has iron-sulfur cluster. Both enzymes remove thymine glycol and
Fapy substrate, but only NTG2 removes 5-hydroxycytosine efficiently. NTG1 is induced
by DNA damaging agents and sorted both to the nucleus and mitochondria. However,
NTG2 is constantly expressed in the cells and located in the nucleus [87].
MutY is the adenine DNA glycosylase encoded by E. coli mutY gene. It shows
significant homology to endonuclease III [88]. The homology between MutY and
endonuclease III shows 66.3% similarity and 23.8% identity. Like Endo III, MutY has
iron-sulfur cluster. Although both MutY and Endo III show sequence homology, they
differ in substrate specificity. In addition, Endo III is a bifunctional enzyme, but MutY is
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a monofunctional enzyme. MutY removes normal adenine from 8-oxoG/A mismatch pair
as well as G/A, C/A and 8-oxoA/A [89].
MBD4 (Methyl-CpG binding protein 4) is the Nth homolog in human. MBD4 was
recently discovered in a yeast two-hybrid screening with MMR (mismatch repair) protein
MLH1 as a novel human DNA repair protein, named MED1 (methyl-CpG-binding
endonuclease 1) [90]. It has N-terminal 5-methylcytosine binding domain (MBD) and Cterminal domain which is homologous with E. coli Nth. MBD4 has activity on thymine,
uracil, and 5-fluorouracil (5-FU) when mismatched with guanine base. MBD4 is also a
mismatch specific G/T DNA glycosylase [91].

3. Fpg/Endo VIII family
Like Nth, Fpg/Endo VIII family also repair oxidized bases predominantly.
Fpg/Endo VIII family includes bacterial Fpg, endonuclease VIII (Endo VIII, or Nei) and
mammalian homologs, known as Neil 1 and Neil 2 (Nei-like) [92]. This family is also
bifunctional enzyme like Nth. There are three critical conserved domains by sequence
alignment in this family [93]. In N-terminal region, there are two conserved amino acids
including proline showing catalytic activity and lysine residue important for the base
removal. There are conserved Helix 2-Turn helix (H2TH) motif in the middle part and
Zinc finger motif in C-terminal region. Although both Fpg and Endo VIII have similar
protein folding structure and use same catalytic amino acids (proline and lysine) at active
site, they show different substrate specificity.
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Fpg, also known as MutM, is Formamidopyrimidine-DNA glycosylase in E. coli
and other prokaryotes. Fpg removes 8-oxoG opposite C. In addition, Fpg excises DHU (5,
6-dihydroxyuracil), thymine glycol (Tg) and a number of other oxidized bases including
Fapys [84].
OGG1, eukaryotic 8-oxoguanine DNA glycosylase, is the functional homolog of
Fpg in eukaryote. Although OGG1 is included in the Nth superfamily by sequence
similarity and protein folding structure, its substrate specificity overlaps with that of Fpg
[92]. Human OGG1, hOGG1, is bifunctional glycosylase/AP lyase. It removes 8-oxoG
from all normal opposite base pairs showing preference with C>T>G>>A [58].
Endo VIII (Nei) was first found in E. coli. It is encoded by nei gene and
recognizes thymine glycol, dihydrothymine, β-ureidoisobutyric acid and urea residues
[95]. Subsequent studies showed that it removes 5-hydroxycytosine, 5-hydroxyuracil and
uracil glycol [96, 97]. Therefore, the substrate specificity of Endo VIII is overlapped by
that of Endo III. Although its substrate specificity overlaps with that of Endo III, Endo
VIII belongs to Fpg/Endo VIII family because of significant structural similarity.
NEIL (Nei-like) is the Nei homolog in mammals. There are three Nei homologs
including NEIL1, NEIL2 and NEIL3 by sequence database search. Both NEIL1 and
NEIL2 are closer to Nei than Fpg by both sequence similarity and substrate specificity.
NEIL1 removes 8-oxoG, FapyA, FapyG and thymine glycol [93]. NEIL2 prefers 5hydroxyuracil and 5-hydroxycytosine [98]. Unlike NEIL1, NEIL2 has no activity on 8oxoG, thymine glycol, 2-hydroxyadenine, inosine, and xanthine. NEIL3 doesn’t show
any DNA glycosylase so far. Both NEIL1 and NEIL2 contain an N-terminal catalytic
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proline residue (Pro2), but NEIL3 has a valine in this position [94]. This may explain
why NEIL3 doesn’t have any DNA glycosylase activity.

4. 3-methyladenine DNA glycosylase
In E. coli, there are two enzymes to repair alkylated DNA bases. Tag, called 3methyladenine DNA glycosylase I, removes 3-methyladenine and 3-methylguanine [99].
Tag is expressed constantly in the cells. On other hand, AlkA (3-methyladenine DNA
glycosylase II) is induced by alkylating agents [100]. AlkA has unusual broad specificity
towards quite different base structures. It removes not only 3-methyladenine but alkylated
purines and pyrimidines, oxidized bases, hypoxanthine and even normal bases [101, 102].
Despite insignificant sequence homology, AlkA has significant structural
homology to Nth. The second AlkA domain contains HhH motif conserved in Nth family
[79].
AAG is the human alkyl base DNA glycosylase. The alternative name of AAG is
MPG, encoded by human mpg gene. MPG (N-methylpurine DNA glycosylase) is the
functional analog of Tag and AlkA in human, because there is no sequence homology
with AlkA. It removes several N-alkylpurine adducts, cyclic ethenoadducts of adenine,
guanine and cytosine and 8-oxoG [103]. In addition, AAG removes three deaminated
bases, inosine, xanthine and oxanine [16].
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B. Endo V mediated repair
Endo V (Endonuclease V or Nfi) has been first discovered in E. coli [108] and
identified showing activity on DNA damaged by osmium tetroxide, acid and base [105].
It is encoded by nfi gene in E. coli. This enzyme was later identified as an inosine
specific endonuclease [106]. In addition to inosine, Endo V also recognizes uracil,
xanthine, base mismatches, AP sites, hairpins, unpaired loops, and pseudo-Y and flap
structure [107]. One report showed that endo V also recognizes single-stranded DNA
[109]. The recent study showed that endo V also recognizes oxanine base [17]. Therefore,
endo V is a distinguishable enzyme recognizing all deaminated bases in DNA (inosine,
xanthine, uracil and oxanine).
In contrast to DNA glycosylase, endo V does not remove damaged base. It only
initiates repair and cuts the second phosphodiester bond 3’ to the damaged base.
Therefore, the repair initiated by endo V may require the participation of a 3’-5’
exonuclease to remove damaged base. The whole mechanism involved in endo V
mediated repair is still unknown. However, cutting on DNA by endo V should lead to the
excision of small patch of DNA. This kind of repair mechanism is the alternative excision
repair (AER) [107] shown in Figure 1.4. Endo V also requires either Mg2+ or Mn2+ unlike
DNA glycosylase [111].
There are many putative endo V homologues identified in several organisms
including archaebacteria, eubacteria as well as eukaryotes by the based on amino acids
sequence search. However, endo V homologues from different species show significant
different substrate specificity. For example, the endo V homolog from hyperthermophile

19

Archaeoglobus fulgidus (Afu) recognizes only inosine and shows narrow substrate
specificity [112]. In addition, endo V from Thermotoga maritime (Tma) also has been
characterized and showed activity on inosine, uracil, AP site, or mismatches [113]. Endo
V from the macrophage-residing pathogen, Salmonella typhimurium (Sty), also has been
studied recently [114]. This study showed that Sty endo V recognizes all four deaminated
bases (inosine, xanthine, oxanine and uracil) like Tma and E. coli endo V.

Figure 1.4: Schematic representation of a comparison of mechanisms between base
excision repair (BER) and alternative excision repair (AER) [107].
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Mouse endo V (m endoV) also has been characterized. The mouse endo V
recognizes inosine and uracil. It shows narrower substrate specificity than E. coli endo V.
Its activity is increased on single-stranded DNA [115].

C. Nucleotide excision repair (NER)
Nucleotide excision repair (NER) is one of the most important repair pathways to
remove a wide spectrum of damaged DNA including bulky and helix-distorting lesions.
Cyclobutane pyrimidines dimers and photoproducts are formed by ultraviolet (UV)
radiation. Interstrand DNA cross links are produced by several chemical agents such as
carcinogens (benzopyrene), chemotherapy drugs (cisplatin, nitrogen mustard), and
bifunctional chemical agents (psoralens, nitrogen mustard, and Mitomycin C) [116].
NER removes damaged lesions as a long oligomer form. It is 12-13 nucleotidelong oligomers in prokaryotes and 24-32 in eukaryotes [117]. NER consists of three basic
steps. The first step is damage recognition and formation of DNA-protein complex.
Second step is dual incisions and release of the excised oligomer and third step is
resynthesis to fill out the gaps and sealing by ligase. This kind of basic strategy of NER
pathway is conserved from human to E. coli. However, the proteins involved are not
conserved and the mechanisms used are different in each species. Therefore, I will only
discuss here the E. coli and human NER system as the representative model system of
prokaryote and eukaryote, respectively.
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NER can be divided into two sub pathways. One is global genome repair (GGR)
and the other is transcription-coupled repair (TCR). Here, GGR pathway will be
discussed more in detail than TCT pathway, because its relation to my research project.
1. GGR (global genome repair) in Escherichia coli
NER was found in E. coli that removes UV induced cyclobutane thymine dimers
[118]. And then later it was discovered that three genes are involved such as uvrA, uvrB
and uvrC [119]. These three proteins, UvrA, UvrB and UvrC, are major proteins in NER
and involved in damage recognition and dual incision activity, so called UvrABC
excinucleases.
The uvrA, uvrB and uvrD genes are induced under SOS response which is a
global response to DNA damage [116, 124]. The SOS response causes the cell cycle
arrest and induces DNA mutagenesis and repair. The SOS response is induced by the
exposure to damaging agents in prokaryotes. There is no evidence for SOS response in
eukaryote systems. In the SOS response, over 30 proteins were expressed including NER
proteins and DNA polymerases. However, uvrC gene is not controlled by the SOS
response.
UvrA is a DNA dependent ATPase having Walker A and B domains which are
signature motifs for ATPases [120]. UvrA also has two zinc fingers and helix-turn-helix
motif for DNA binding. In addition, UvrA has the leucine zipper motif for dimerization
of UvrA [116]. UvrA is the primary recognition factor for damaged DNA. UvrB, by itself,
does not bind damaged DNA. However, it interacts with both DNA and the UvrA or
UvrC subunits. Therefore, it is a central player in NER. UvrC has N-terminal GIY-YIG
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homing endonucleases related motif and C-terminal Endo V domain [46]. Each domain is
involved in dual incisions in NER.

Figure 1.5: Schematic representation of the UvrABC excinuclease of E. coli NER
repair pathway [http://www.personal.psu.edu/rch8/workmg/RepairDNACh7.htm].

In NER mechanism, the first step is damaged DNA recognition by A2B1
heterotrimer consisting of two UvrA and one UvrB shown in Figure 1.5. This
heterotrimer formation is ATP dependent reaction. This complex binds to bulky lesions
by UvrA and then helicase activity from UvrB unwinds and kinks DNA leading to
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formation of stable UvrB-DNA complex. And then ATP dependent hydrolysis makes
dissociation of UvrA dimer from complex. Once UvrA dissociate, UvrC binds to UvrBDNA complex with high affinity and makes dual incisions. The 3’ incision is made by Nterminal domain of UvrC with participation of some part of UvrB [122]. The 5’ incision
is made by C-terminal Endo V domain of UvrC. Regardless of any type of damages, the
excised lesion is the 12-13 length of oligomer.
Interestingly, the UvrC homolog, called Cho, was identified in prokaryote
including E. coli [123]. This protein is homologous to only N-terminal half of UvrC. It
can make 3’ incision, but it can’t make 5’ incision.
After dual incision, UvrC is dissociated from complex and this dissociation is
accelerated by UvrD (helicase II). UvrD releases damaged oligomer. UvrB still remains
at the gap and recruit DNA polymerase I. DNA polymerase displaces UvrB and then fills
the gap. Finally the newly synthesized DNA is sealed by ligase for complete repair.
2. GGR (global genome repair) in human
Unlike E. coli system involved in three major proteins (UvrA, UvrB and UvrC),
six major proteins are involved in human NER pathway.
1) XPA
XPA protein plays a role in damage recognition. It has a zinc finger motif for
DNA binding.
2) RPA
Replication protein A (RPA), also known as replication factor A (RFA), is a
heterotrimeric single stranded DNA binding protein. It is essential for replication,
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recombination and repair. Human RPA consists of three subunits including p70, p32, and
p14 [125]. It was first identified as a replication factor, but it is also essential for damage
recognition and dual incision in NER pathway. It prefers single stranded DNA. RPA
interacts with the other proteins such as XPA, XPF-ERCC1, and XPG.
3) XPC
XPC is a large DNA binding protein. It binds to single stranded, damaged, or bent
DNA [116]. XPC was copurified with HR23B which interacts with XPC and functions in
NER to stabilize XPC [126].
4) TFIIH
TFIIH is a multisubunit protein and it was first identified as a transcription factor
for RNA polymerase II [127]. It is up to 10 subunits assembly complex. The main 6
subunits consist of XPB, XPD, p62, p52, p44, and p34. XPB (ERCC3) and XPD
(ERCC2) are helicases and open the DNA helix.
5) XPG
XPG (ERCC5) belongs to FEN-1 family including structure specific nucleases.
XPG plays a role in 3’ incision in NER.
6) XPF-ERCC1
XPF-ERCC1 complex is the heterodimer with XPF (ERCC4) and ERCC1. This
heterodimer plays a role in 5’ incision in NER.
Briefly, the pathway starts with the recognition of damaged site by XPC-HR23B
complex. And it then follows the binding of TFIIH complex and XPA protein. The
double-helix is unwound by the XPB and XPD helicase of TFIIH complex. And then the
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unwound single stranded DNA is stabilized by RPA protein. After dissociation of XPC
and HR23B, XPG binds to complex, and then following binding of XPG-ERCC1
complex makes dual incision. The excised oligomer is around 30 nucleotide length.
Finally the repair is finished by both DNA polymerase δ/ε and ligase 1[128].
3. TCR (transcription-coupled repair) in Escherichia coli
DNA transcription may stimulate NER pathway so that transcription-coupled
repair can reduce mutation frequency in the cells exposed with damaged agents. When a
DNA lesion is on the transcribed strand, RNA polymerase is stalled and transcription is
blocked. TRCF (transcription-repair coupling factor) recognizes stalled RNA polymerase
and recruits UvrA2-UvrB trimer. And it is followed by same sets of proteins as in GGC to
complete repair [116].
4. TCR (transcription-coupled repair) in human
Like E. coli, stalled RNA polymerase at damaged site also recruits TCR proteins
in human. CSB protein interacts with stalled RNA polymerase and recruits other TCR
factors including XPG, TFIIH, RPA, XPA, XPF-ERCC1, DNA polymerase δ/ε and ligase
1 to complete repair [128].

D. The other repair pathways
1. MMR (Methyl-directed mismatch repair) pathway
During DNA replication, a base pairing error can be introduced by the DNA
polymerase. This kind of base pairing error including G/T, and insertion/deletion loops
(IDLs) is called mismatch. The main MMR (Methyl-directed mismatch repair) pathway
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of prokaryotes is the MutHLS system including three major proteins (MutS, MutL and
MutH) [129]. MutS binds to the mismatch region and recruits MutL in the presence of
ATP and activates MutH. MutH is a kind of endonuclease showing the preference to cut
the unmethylated strand. This nick by MutH recruits several proteins such as SSB (single
stranded DNA binding protein), helicase II, ExoI, ExoX, RecJ, ExoVII to make excision.
Finally, DNA polymerase III, SSB, and ligase complete the repair [130].
2. Homologous recombination (HR) repair pathway
DNA double-strand breaks (DBS) are induced by both exogenous sources such as
ionizing radiation, UV light or other chemicals and endogenous sources including
reactive oxygen species (ROS). DBS are also caused by DNA replication through a
single-strand break in the replication fork.
Homologous recombination can also repair DNA lesions such as double-strand
breaks. It is generally accurate because it uses undamaged homologous DNA as a
template. In E. coli, there are two pathways in homologous recombination. The RecBCD
pathway repairs double-strand breaks. The RecF pathway repairs single-strand breaks in
the daughter strand. Both pathways require the RecA protein for homology recognition
and DNA strand exchange [131]. Both the RecBCD and RecF pathways use a series of
reactions known as branch migration and resolution, carried out by the RuvABC complex
and several other proteins.
3. Non-homologous end joining (NHEJ) repair pathway
Like homologous recombination, non-homologous end joining (NHEJ) repair
pathway is another pathway to repair the double-strand breaks. However, unlike

27

homologous recombination, NHEJ does not require a long homologous DNA sequence to
repair. It uses short homologous DNA sequences called micro homologies. Many bacteria,
including E. coli, lack the NHEJ repair pathway. They depend on homologous
recombination to

repair double-strand

breaks.

But

some bacteria, including

Mycobacterium tuberculosis, use NHEJ which is carried out by only two proteins, Ku
homodimer and the multifunctional ligase/polymerase/nuclease (LigD) [132].

IV. Host antimicrobial defenses and pathogenesis
A. The antimicrobial defenses of the host cell
When microorganism invade the host cells, professional phagocytes such as
macrophages, neutrophils and dendritic cells, start innate immune response. The innate
immune response starts with the engulfment and internalization of particles including
microorganisms. And the engulfment stimulates antigen presentation and develops
adaptive immunity, as well as subsequent destruction of pathogen directly. After
engulfment, pathogens are trapped in a phagosome, derived from plasma membrane. This
phagosome then undergoes the changes to obtain the ability to kill microorganisms. This
kind of conversion is called phagosomal maturation, carried out by fusion with defined
compartment [133]. The phagosomal maturation process is shown in Figure 1.6.
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Figure 1.6: Schematic representation of phagosomal maturation [133].

After microorganism uptake, phagosomal maturation starts a series of
transformations by the sequential fusions in the endocytic pathway. First, a newly formed
phagosome is converted into the early phagosome by fusion with an early endosome. At
this stage, the pH of lumen is mildly acidic such as pH6.1-6.5 [134]. It then is
transformed again to intermediate phagosome by the fusion with a multivesicular body.
Sequential fusion with late endosome results in late phagosome. At this stage, pH of
lumen is more acidic such as pH 5.5-6.0. Finally it is converted into phagolysosome by
the fusion with lysosome. Phagolysosome is a final maturation stage and ultimate
microbicidal organelle to eliminate and degrade pathogens. At this stage, pH of lumen is
highly acidic, around 4.0-5.0.
Phagolysosome acquires several microbicidal activities during maturation process.
The first microbicidal feature is the acidification. Phagosomal acidification not only
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impairs pathogen metabolism, but also induces the activity of hydrolytic enzyme in the
phagocyte. And also acidification extrudes microbial nutrients from phagocyte to outside.
The other antimicrobial effecter is the reactive oxygen species (ROS). ROS
production is prominent in neutrophils. ROS is generated by the NOX2 NADPH oxidase
[135]. The activated NOX2 NADPH oxidase transfers electrons from NADPH to
molecular oxygen (O2) and then generates superoxide anion (O2-) [136]. The superoxide
anion (O2-) can be converted into hydrogen peroxide (H2O2) within the phagosome.
Hydrogen peroxide (H2O2) can react with superoxide anion (O2-) again to generate
hydroxyl radical (OH·) and singlet oxygen, the diamagnetic form of molecular oxygen
(O2). Hydrogen peroxide (H2O2) also reacts with myeloperoxidase, generating many toxic
oxidant species such as halogens, hypochlorous acid, chloramines, aldehydes, and singlet
oxygen [137]. These highly toxic ROS damage DNA and protein of pathogens to kill
them.
Similarly to ROS, RNS (reactive nitrogen species) is also another important
material in antimicrobial defense mechanism. RNS production is prominent in
macrophages. Nitric oxide (NO·) is the main material of RNS and is produced by the
enzyme called inducible nitric oxide synthase (iNOS). The nitric oxide synthase
generates nitric oxide (NO·) and citrulline from L-arginine and oxygen [138]. Nitric
oxide (NO·) can then be converted into the other RNS, including nitrogen dioxide (NO2·),
peroxynitrite (ONOO-), dinitrogen trioxide (N2O3), dinitrosyl iron complexes,
nitrosothiols and nitrosyl (HNO).
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Both ROS and RNS synergize to make highly toxic effects within the phagocytes.
Their targets can be various material including thiols, metal centers, protein tyrosine
residues, DNA, and lipids. It results in protein inactivation, lipid oxidation, various DNA
damages, and sequential impaired bacterial metabolism and replication inhibition [133].
Several proteins and peptides also show antimicrobial activity. Lactoferrin and
NRAMP1 (natural resistance-associated macrophage protein 1) prevent growth of
pathogens by limiting the entry of essential nutrients inside the phagosome. Defensins
and cathelicidins disrupt pathogens by inducing membrane permeabilization. There are
several enzymes directly to degrade microbial components. Lysozyme, β-hexosaminidase
and β-glucuronidase degrade carbohydrates of pathogens. Phospholipase A2 degrades
lipids. Cysteine proteases, aspartate proteases, serine proteases, carboxypeptidases, and
amino peptidases degrade proteins of pathogens.

B. The survival of intracellular pathogens
Despite antimicrobial defense mechanism from host cells, some pathogens can
survive within host cells. Many pathogens develop their own strategy to survive with
different ways. Some bacteria such as Pseudomonas aeruginosa, a pathogen of humans,
can interfere for phagocytes to engulf them [139]. Yersinia enterocolitica, gram-negative
coccobacillus-shaped bacterium, can directly impair the phagocytic machinery of
macrophages and neutrophils [140]. Mycobacterium tuberculosis, causative agent of
tuberculosis, can develop acid resistance mechanism by using intrabacterial pH
maintenance systems [141]. Salmonella typhimurium has developed unique resistant
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protein (low pH-inducible lysine decarboxylase) to resist the low pH [142]. The bacterial
pathogen Staphylococcus aureus is insensitive to defensins which are antimicrobial
peptides of the innate immune system [143]. Some bacteria protect themselves by the
expression of detoxifying enzymes. For example, peptide methionine sulfoxide reductase
from E. coli and M. tuberculosis protects them against oxidative damages from reactive
nitrogen intermediates (RNI) [144]. Catalase of M. tuberculosis can neutralize ROS or
RNS [145]. Anaplasma phagocytophila can inhibit the superoxide anion formation by
human neutrophils [146]. M. tuberculosis inhibits iNOS recruitment to its phagosome to
survive in macrophages [147]. One host defense mechanism is the restricting the uptake
of iron for pathogens, but some pathogens have overcome this strategy. For example, M.
tuberculosis uptakes iron by the mycobactins. [148]. The mycobactins are the lipophilic
siderophores which efficiently extract intracellular macrophage iron. Coxiella burnetii, a
gram-negative obligate intracellular pathogen, induces SOS response to protect
chromosomal DNA and repair DNA damage from ROS exposure [70]. Finally, the
phagosomal maturation is inhibited by several different pathogens such as M.
tuberculosis, Coxiella burnetii, Listeria monocytogenes, and Legionella pneumophila
[133]. Arresting phagosomal maturation is a main important strategy for pathogens
because it allows them to replicate within the host cells.

C. Understanding the pathogenesis of nitrosative/oxidative stress
Within the activated macrophages, phagocyte oxidase (NOX2) generates reactive
oxygen intermediates (ROI) and inducible nitric oxide synthase (iNOS) generates

32

reactive nitrogen intermediates (RNI) to give oxidative/nitrosative stress to pathogens. To
counteract such stresses, bacterial pathogens have developed the mechanism of
detoxification of ROI and RNI. For example, M. tuberculosis produces catalaseperoxidase, encoded by katG gene, which degrades H2O2 into water and oxygen [145].
Superoxide dismutase is also an enzyme which detoxifies superoxide anions in several
bacterial pathogens [74]. Low-molecular-weight thiols also work as antioxidants against
oxidative stress. One of the most abundant thiols is glutathione in cyanobacteria and
proteobacteria [104]. Glutathione also protects pathogens from low pH, chlorine
compounds, and osmotic stresses as well as oxidative stress. In addition, M. tuberculosis
expresses an NADH-dependent peroxidase and peroxynitrite reductase to detoxify both
RNI and ROI [74]. And microbial hemoglobins are also involved in NO detoxification in
several bacteria [110]. NO produced by the activated macrophages is converted to NO2 in
acidified phagosomes. Coenzyme F-420 converts NO2 back to NO so that it reduces host
defense effectors and protects pathogens from nitrosative stress [121].
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CHAPTER TWO
SCREENING OF NITROSATIVE STRESS RESISTANCE GENES IN COXIELLA
BURNETII:
INVOLVEMENT OF NUCLEOTIDE EXCISION REPAIR
I. Abstract
Coxiella burnetii, an obligate intracellular Gram-negative bacterium, is the
etiological agent of Q fever. This work takes advantage of a hypersensitive Escherichia
coli genetic system to identify genes involved in resistance to nitrosative stress imposed
by reactive nitrogen intermediates.

Among the ten candidate genes identified, the

transposase, UvrB and DNA topoisomerase IV are involved in DNA transaction; the
sigma-32 factor and the putative DNA-binding protein may be involved in transcriptional
regulation; IF-2 is involved in protein translation; malate dehydrogenase and carbamoylphosphate synthase are metabolic enzymes; and the ABC transporter is a membranebound protein. In addition, a hypothetical protein was identified. The role of the DNA
repair gene uvrB in resistance to RNI was further confirmed by investigating the
sensitivity of uvrB deletion mutant and complementation by C. burnetii uvrB. Deletion
of two other components of the UvrABC nuclease, uvrA and uvrC also renders the cell
sensitive to RNI. The relationship between UvrABC and nitrosative stress is discussed.

II. Introduction
Coxiella burnetii, an obligate intracellular Gram-negative bacterium, is the
etiological agent of Q fever [1-5].

The typical means of transmission is through

inhalation of contaminated aerosols, enabling its spread to large population.
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Once

inhaled, C. burnetii targets alveolar macrophages, is internalized by phagocytosis and
resides in acidic phagolysosomes [6, 7]. Upon infection, macrophages are well known to
trigger “respiratory burst” to release large amount of reactive radicals known as reactive
oxygen intermediate (ROI) which imposes oxidative stress and reactive nitrogen
intermediate (RNI) which imposes nitrosative stress to kill or contain invading pathogens
[8, 9]. Despite of such a powerful host defense system, some macrophage-residing
pathogens such as the facultative intracellular Mycobacterium tuberculosis and the
obligate intracellular Coxiella burnetii remain viable after the assault by these reactive
radicals that inflict a variety of damage to essential macromolecules such as DNA and
proteins. Evidently, these organisms have developed an unusual ability to resist the
killing effects caused by ROI and RNI. It is of great interest to understand the underlying
resistance mechanisms that confer pathogen’s ability to survive in the host, for study of
pathogen biology, prevention, and therapeutic interaction.
How bacteria cope with oxidative stress imposed by ROI has been a subject of
intense investigation for many years [10, 11]. Resistance of nitrosative stress imposed by
RNI was not recognized until the role of nitric oxide synthase (NOS) in host defense
emerged (for review see [12]). Since then, studies in Mycobacterium, Salmonella and
other bacteria started to unravel bacterial defense mechanisms against RNI [13, 14]. Yet,
compared with ROI, our understanding of resistance to RNI appears still in a very early
stage. Use of Mycobacterium tuberculosis as a model system to study biochemical basis
of resistance to RNI is facilitated by the ability to cultivate it outside the host cells and
availability of tools for genetic manipulation. Given its unusual ability to survive in host
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macrophage cells, C. burnetii serves as a unique model system to understand its
resistance mechanism to RNI. However, the obligate host requirement for growth and
lack of a manipulatable genetic system present a challenge [15]. Because many genetic
screening and selection methodologies are not applicable due to these limitations,
alternative strategies have to be explored.
To investigate the resistance mechanisms to RNI adopted in C. burnetii, we
developed an E. coli-based genetic system to allow for screening of genes involved in
resistance to RNI. This system takes advantage of the hypersensitivity of an E. coli triple
mutant strain to nitrosative stress imposed by RNI. In this study, we screened a C.
burnetii genomic library for candidate genes involved in resistance to RNI. Among the
genes positively identified, uvrB encodes a helicase as part of the UvrABC nuclease
involved in nucleotide excision repair. Based on the finding of uvrB gene, we examined
the sensitivity of uvrA and uvrC to RNI-mediated stress. Both uvrA and uvrC deletion
mutants were sensitive to nitrosative stress. To our knowledge, this is the first report
examining the relationship between all three components of UvrABC nuclease (uvrA,
uvrB and uvrC) and nitrosative stress.

III. Materials and Methods
A. Reagents, media and strains
All routine chemical reagents were purchased from Sigma Chemicals (St. Louis,
MO), Fisher Scientific (Suwanee, GA), or VWR (Suwanee, GA). Restriction enzymes,
Taq DNA polymerase and T4 DNA ligase were purchased from New England Biolabs
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(Beverly, MA). BSA and dNTPs were purchased from Promega (Madison, WI). LB and
SOC media were prepared according to standard recipes [39]. Sodium nitrite and sodium
acetate trihydrate were purchased from Fisher Scientific (Suwanee, GA). E. coli strains
BW1466 (CC106) and BW1739 (BW1466 but Δnfi::(FRT-Spc-FRT) nei-1::cat alkA1)
are kind gifts from Dr. Bernard Weiss at Emory University. The E. coli strains ∆uvrA
(JW4019-2), E. coli ∆uvrB (JW0762-2), E. coli ∆uvrC (JW1898-1) and their isogenic
wild type strain (BW25113) were obtained from E. coli Genetic Stock Center at Yale
University. Coxiella burnetii prototype strain RSA 493 (phase I) genomic DNA (both
chromosomal DNA and plasmid) was a kind gift from Dr. James Samuel at Texas A&M
University System Health Science Center.

B. Construction of Coxiella burnetii genomic expression library
The Coxiella burnetii RSA 493 genomic DNA (500 ng) was partially digested
with 1 unit of Sau3AI at 37 °C for 20 min to generate DNA fragments predominantly
ranging from 0.5 kb to 2 kb. After quenching the reaction with 2 µl of 0.5 M EDTA, the
partially digested DNA was purified by phenol-chloroform-isoamylalcohol (25:24:1)
extraction and ethanol precipitation. The DNA was dried and then dissolved in 1 mM
Tris-HCl (pH 8.0). The partially digested genomic DNA (150 ng) was inserted into a
BamHI-CIAP predigested Lambda ZAP Express vector (Stratagene) using 400 units of
T4 DNA ligase. Phage packaging and in vivo excision were carried out according to the
manufacturer’s instructional manual. Excised pBK-CMV plasmid was purified using
Plasmid Mega Kit (Qiagen). BW1739 cells were made electroporation competent by
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washing with sterile water once and with 10% glycerol three times [39]. The plasmid
library was electroporated into BW1739 cells using MicroPulser (Bio-Rad). Briefly,
aliquot of cells (1.6 x 109) was mixed with 5 μg of the plasmid Library and incubated on
ice for 3 minutes.

The mixture was then placed in a sterile 100 μl (1 mm gap)

electroporation cuvette (USA Scientific) and electroporated with three eight-millisecond
pulses at 500 V. The cells were then immediately added to 1 ml of sterile prewarmed
SOC medium and incubated at 37 °C for 1 hour with shaking at 250 rpm.

C. Screening of Coxiella burnetii genomic expression library
The electroporated BW1739 cells, divided into approximately 1 x 108 /tube, were
treated with 0, 20, 30, 40 and 50 mM of acidified sodium nitrate (pH 4.6) and then
incubated at 37 °C for 10 min. Cells from 0 mM reaction were diluted 5 x 106 times prior
to plating. Cells from 20 mM to 50 mM reactions were plated without dilution. Cells
were plated onto LB plates with Kanamycin (50 μg/ml) and IPTG (0.5 mM). Plates were
incubated for 48 hours at 37 °C. BW 1739 cells containing empty vctor pBK-CMV
(without insert) were used as a control. The sequences of the candidate genes were
identified by dideoxy sequencing and BLAST search of GeneBank databases.

D. Cloning of Cbu uvrB
The Coxiella burnetii uvrB gene was amplified by PCR using the forward primer
Cbu.uvrB F (5’-AAC TGC AGA TGT CAA AAG CGT TTA AAT TAA CA- 3’; the PstI
site is underlined) and the reverse primer Cbu.uvrB R (5’-CGG AAT TCT CAT TCT
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TTA ACT TCC AAA AGC CC-3’; the EcoRI site is underlined). The PCR reaction
mixture (50 µl) consisted of 8 ng of Coxiella burnetii genomic DNA, 200 nM forward
primer Cbu.uvrB F and reverse primer Cbu.uvrB R, 1 x Taq PCR buffer (New England
Biolabs), 200 µM each dNTP, and 5 units of Taq DNA polymerase (New England
Biolabs). The PCR procedure included a predenaturation step at 94 °C for 5 min; 35
cycles of three-step amplification with each cycle consisting of denaturation at 94 °C for
1 min, annealing at 45 °C for 1 min and extension at 72 °C for 2 min; and a final
extension step at 72 °C for 10 min. The PCR product was purified by phenol extraction
and ethanol precipitation.

The purified PCR product and plasmid pBK-CMV were

digested with PstI and EcoRI, purified with phenol/chloroform extraction and ligated
using T4 DNA ligase. The ligation mixture was transformed into E. coli strain JM109
competent cells by electroporation. The sequence of the Coxiella burnetii uvrB gene in
the resulting plasmid (pBK-CMV-Cbu-uvrB) was confirmed by DNA sequencing. The
plasmid pBK-CMV-Cbu-uvrB was then transformed into the E. coli ∆uvrB strain
(JW0762-2).

IV. Results
A. E. coli-based genetic system
To investigate the resistance mechanisms to RNI adopted by bacteria pathogens,
we sought to develop a genetic system to allow for screening of genes involved in
resistance to RNI. Since endonuclease V (nfi), alkyladenine DNA glycosylase (alkA) and
endonuclease VIII (nei) are involved in repair of DNA damage caused by RNI, the lack
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of these repair genes may render the cells sensitive to nitrosative stress. To test the
sensitivity of this triple mutant strain to nitrosative stress, we treated it with different
concentrations of acidified sodium nitrite. The triple mutant strain BW1739 that lacks nfi
alkA and nei was significantly more sensitive than the corresponding wild type (wt) strain
BW1466 (Fig. 2.1). After treating with more than 20 mM of acidified nitrite, BW1739
completely lost viability, indicating that the triple mutant strain BW1739 becomes
hypersensitive under nitrosative stress (Fig. 2.1). These results were consistent with
previous observations of reduced survival of Pseudomonas aeruginosa, and
Mycobacterium smegmatis, and Salmonella typhimurium in glycosylase-deficient
mutants under nitrosative stress conditions [16, 17].

Figure 2.1. Sensitivity of E. coli strains BW1466 and BW1739 to acidified sodium
nitrite treatment. Colonies from each strain grown to saturated in 3.5 ml of LB
medium. Cell density was approximated using a spectrophotometer and divided into six
aliquots of 0.5 ml (containing approximately 1 x 108 cell number). Each aliquot was
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treated with 0, 10, 20, 30, 40, and 50 mM acidified nitrite (pH 4.6) and then incubated at
37 °C for 10 min. Dilution and plating were performed as described in Materials and
Methods. (●) wt E. coli strain (BW1466); (○) DNA repair deficient E. coli strain
(BW1739). The data are the means±SD of at least three independent experiments.

B. Screening of candidate genes in C. burnetii
We reasoned that genes involved in resistance to RNI may complement the
hypersensitive phenotype demonstrated in the triple mutant strain. Since C. burnetii is
known for its ability to survive under nitrosative stress condition in the host, we thought
this genetic system may allow us to identify RNI resistance genes in C. burnetii. We thus
constructed a genomic expression library using a Lambda ZAP Express Vector
(Stratagene). The quality of the library was assessed by the lacZ-based blue/white color
selection assay on X-gal plates.

Approximately 98% of clones contained inserts,

indicating a high ratio between recombinant clones and self-ligated plasmid.
The genomic expression library was electroporated into the hypersensitive
BW1739 cells. The screening was carried out by treating the electroporated BW1739
cells with ascending concentrations of acidified sodium nitrite at pH 4.6. As shown in
Figure 2, the cells with the empty plasmid were still hypersensitive to RNI as they could
not survive the treatment above 20 mM level. However, a large number of colonies were
observed in the C. burnetii library at concentrations above 20 mM. Some cells were
viable at 40 mM and even 50 mM concentration (Fig. 2.2B).
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Figure 2.2. Screening of Coxiella burnetii genomic library treated with acidified
sodium nitrite. See Materials and Methods for details. A. E. coli strain (BW1739)
containing empty pBK-CMV vector. B. E. coli strain (BW1739) containing Coxiella
burnetii genomic DNA Library.

To verify these results, each individual surviving colonies from 40-50 mM
concentrations were selected, grown, and treated with 0-50 mM acidified sodium nitrite
at pH 4.6 again. Colonies that still maintained viability at 40 or 50 mM treatment were
kept for further confirmation while those did not were discarded. To confirm that the
survival is caused by the candidate genes instead of a change in the host, plasmids were
isolated from the clones and retransformed back to the hypersensitive BW1739 cells.
The cells that again showed complementation to the triple mutant cells were considered
confirmed candidate genes. After these screening and confirmation steps, ten genes from
C. burnetii were identified (Table 2.1). Among the list, the transposase, UvrB and DNA
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topoisomerase IV are involved in DNA transaction; the sigma-32 factor and the putative
DNA-binding protein may involved in transcriptional regulation; IF-2 is involved in
protein translation; malate dehydrogenase and carbamoyl-phosphate synthase are
metabolic enzymes; and the ABC transporter is a membrane-bound protein. In addition,
a hypothetical protein was identified.

Table 2.1. Genes identified by screening C. burnetii genomic library
C. burnetii # GenBank #
Protein Name

Gene Name

CBU_1640

AAO91136

Transposase (IS1111A)

CBU_1770

AAO91264

ABC transporter, ATP-binding protein

CBU_0518

AAO90064

UvrB protein

uvrB

CBU_1241

AAO90750

Malate dehydrogenase

mdh

CBU_1281

AAO90788

Carbamoyl-phosphate synthase

carB

CBU_1432

AAO90929

Translation initiation factor IF-2

infB

CBU_1686

AAO91182

Hypothetical protein, CBU1686

CBU_1866

AAO91357

DNA topoisomerase IV, A subunit

CBU_1249

AAO90758

DNA-binding protein, putative

CBU_1909

AAO91400

RNA polymerase sigma-32 factor

parC

rpoH

C. UvrB and RNI resistance
The DNA repair gene uvrB gene caught our attention because of its role in
nucleotide excision repair. To assess the relationship between uvrB gene and the RNI
resistance, we measured the sensitivity of an E. coli uvrB deletion strain. While the
isogenic wild type BW25113 strain showed resistance to RNI, the survival of ΔuvrB
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strain was subdued at high acidified nitrite concentrations (Fig. 2.3). The cell counts were
substantially reduced by 30 mM treatment and reduced at zero by 40 and 50 mM
treatments. To test whether C. burnetii uvrB can complement the phenotype, we cloned
the gene into the pBK-CMV plasmid and transformed it into the ΔuvrB strain. The cell
counts of the survival colonies were substantially increased in all treatments (Figs. 2.32.4). A large number of uvrB-containing cells survived 30 mM treatment. Even at 40 or
50 mM concentration, some of the uvrB-containing cells still survived (Fig. 2.3). These
results suggest that the DNA repair gene uvrB is involved in resistance to RNI.
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Figure 2.3. Role of uvrB in resistance to nitrosative stress. See Materials and Methods
for details. A. Wild type E. coli strain (BW25113). Cells from 0 mM to 20 mM reaction
were diluted 5 x 106 times, from 30 mM reaction was diluted 5 x 105 times, from 40 mM
reaction was diluted 5 x 104 times and from 50 mM reaction was diluted 5 x 103 times
prior to plating. B. E. coli uvrB deletion strain (JW0762-2). C. E. coli uvrB deletion
strain (JW0762-2) containing pBK-CMV-Cbu-uvrB vector.

Figure 2.4. Plot of sensitivity of E. coli uvrB strains under nitrosative stress. (○)
Wild type E. coli strain (BW25113); ( ) E. coli uvrB deletion strain (JW0762-2); ( ) E.
coli uvrB deletion strain (JW0762-2) containing pBK-CMV-Cbu-uvrB vector. The data
are the means±SD of at least three independent experiments.

D. UvrA, UvrC and RNI resistance
Since UvrA and UvrC, along with UvrB, consist of the UvrABC nuclease, we
were curious whether uvrA and uvrC are also involved in resistance to RNI. We,
therefore, tested the sensitivity of uvrA and uvrC deletion strains to acidified nitrite
treatment. The uvrA deletion strain became very sensitive to RNI, as indicated by
complete loss of survival at 40 or 50 mM and reduction of colony count to several orders
of magnitude at 30 mM concentration (Fig. 2.5). Similarly, the survival of the uvrC
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deletion strain was also reduced (Figs. 2.5-2.6), as indicated by substantial decrease of
colony counts from 20 to 50 mM. However, uvrA appeared far more sensitive than uvrC
to the treatment. The possible reason accounting for the difference is discussed later.

Figure 2.5. Role of uvrA and uvrC in resistance to nitrosative stress. See Materials
and Methods for details. A. Wild type E. coli strain (BW25113). Cells from 0 mM to 20
mM reaction were diluted 5 x 106 times, from 30 mM reaction was diluted 5 x 105 times,
from 40 mM reaction was diluted 5 x 104 times and from 50 mM reaction was diluted 5 x
103 times prior to plating. B. E. coli uvrA deletion strain (JW4019-2). C. E. coli uvrC
deletion strain (JW1898-1).
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Figure 2.6. Plot of sensitivity of E. coli uvrA and uvrC strains under nitrosative
stress. (○) Wild type E. coli strain (BW25113); ( ) E. coli uvrA deletion strain
(JW4019-2); ( ) E. coli uvrC deletion strain (JW1898-1). The data are the means±SD
of at least three independent experiments.

V. Discussion
A. Candidate genes and nitrosative stress
C. burnetii, as an obligate intracellular pathogen, possesses an unparalleled ability to
replicate in phagolysosomes and to be resistant to various stresses.

However,

understanding of the underlying molecular mechanisms of resistance is hindered by the
lack of a manipulatable genetic system. This work takes advantage of a hypersensitive E.
coli genetic system to identify genes involved in resistance to nitrosative stress imposed
by RNI.

Among the ten genes identified, several of them are known for their

involvement in stress resistance, while the mechanisms of other genes, such as putative
DNA-binding protein and hypothetical protein, are unknown. Previously, transposases
are found up-regulated in response to heat, oxidative stress although the exact mechanism
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is not known [18, 19]. Sigma-32 factor (RpoH) is a regulator of expression of heat shock
proteins [20]. The deletion of the rpoH gene sensitizes E. coli cells to oxidative stress.
IF2 is up-regulated in response to heat in Porphyromonas gingivalis, an anaerobic oral
bacterial pathogen [18]. Interestingly, it is proposed that IF2 acts as a chaperone to
renature proteins under stress conditions [21]. Increased expression of several ABC
transporter genes is observed in Desulfovibrio vulgaris in response to nitrate stress [22].
Deletion of the malate dehydrogenase in Salmonella typhimurium causes significant
attenuation in BALB/c mice [23]. These analyses indicate that C. burnetii shares some
similar mechanisms with other microorganisms, but it also employs novel mechanisms to
confer resistance to RNI. A caveat of this study is that the screening was performed in a
heterologous system, which may differ in the physiology of the native C. burnetii system.

B. Role of UvrB, UvrA and UvrC
This work, for the first time, links nucleotide excision repair (NER) and RNI resistance in
C. burnetii. UvrB, along with UvrA and UvrC, consists of a three-component protein
complex called UvrABC nuclease to initiate NER [24, 25]. The UvrA dimer, in complex
with UvrB, is responsible for recognition of damaged DNA. UvrB is an ATP-dependent
helicase that opens a short stretch of the lesion to facilitate recognition and incision by
UvrC. UvrC contains three domains: a central UVR domain to interact with UvrB and
two endonuclease domains located at the N-terminus and C-terminus to make 3’ and 5’
incisions, respectively [25]. Evidently, UvrB is essential for the function of UvrABC
nuclease.

Indeed, deletion of uvrB gene alone renders E. coli hypersensitive to
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nitrosative stress (Figs. 3-4). Addition of an ectopic copy of C. burnetii uvrB partly
rescues the phenotype (Fig. 4). These results indicate that C. burnetii uvrB is functional
with E. coli UvrA and UvrC. It is interesting that uvrB also confers sensitivity to RNI in
Mycobacterium tuberculosis. In a transposon insertion screening, uvrB is identified as
one of the genes that render M. tuberculosis sensitive to RNI [26]. A subsequent study
shows that a uvrB mutant is attenuated in wt mice but remains virulent in mice lacking
iNOS [27]. These results suggest a common DNA repair mechanism in conferring
resistance to RNI in intracellular pathogens. Given the need for a new generation of
antibiotics, this study, combined with previous studies on M. tuberculosis, indicates that
NER may be a candidate to exploit non-traditional points of vulnerability [28].
The finding on uvrB prompted us to investigate whether uvrA and uvrC would
exhibit a similar effect. As expected, uvrA deletion is hypersensitive to nitrosative stress
(Figs. 5-6), indicating that like uvrB, uvrA also confers resistance to RNI [29]. Deletion
of uvrC also renders the strain more sensitive to nitrosative stress but to a lesser degree
than the uvrA strain (Fig. 6). The discovery of a second functional homolog of uvrC may
provide an answer to the differential effect. In addition to uvrC, E. coli genome contains
an uvrC homologous gene Cho (UvrC homologue) [30]. Cho interacts with UvrB and
cleaves at the 3’ side of a damaged site [30]. Thus, in the absence of UvrC, Cho may
partially substitute for the function of UvrC in NER.
DNA damage caused by RNI includes deamination of nucleotide bases and
formation of cross-linked products [31-37]. While DNA base deamination is usually
repaired by DNA glycosylases, bulky cross-linked damage is removed by NER. Given
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that interstrand cross-links can block a variety of DNA transactions including replication,
repair, recombination and transcription, their presence in the genome may have a
profound effect on the cell’s survivability. The sensitivity of uvrA, uvrB, and uvrC
mutants to nitrosative stress indicates the importance of NER to maintain its genetic
integrity and cellular survival.

Consistent with this notion, uvrABC genes of M.

tuberculosis are up-regulated in response to phagocytosis in human macrophages [38].
This study, thus, underscores the potential role of UvrABC nuclease for maintaining
survivability of bacterial pathogens under the attack of host defense.
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CHAPTER THREE
ENDONUCLEASE III AS A G/U-SPECIFIC URACIL DNA GLYCOSYLASE
I. Abstract
Endonuclease III is a DNA glycosylase previously known for its repair activity on
oxidative pyrimidine damage. Uracil is a deamination product derived from cytosine.
Uracil DNA N-glycosylase (UNG) and mismatch-specific uracil DNA glycosylase
(MUG) are two known repair enzymes with enzymatic activity on uracil in E. coli. Here
we report a G/U specific uracil DNA glycosylase activity in E. coli Endonuclease III
(Nth). The possibility that the novel activity is due to contamination is ruled out by
expressing the wt nth gene and an active site mutant in a uracil-repair-less genetic
background.

E. coli nucleoside-diphosphate kinase (Ndk) was also tested for UDG

activity because it was previously reported as a uracil repair enzyme. Under the assay
conditions, no UDG activity was detected. This study reveals that Endonuclease III is
G/U-specific UDG that can be viewed as a prototype for the human MBD4 uracil DNA
glycosylase.

II. Introduction
The DNA base cytosine is particularly prone to damage caused by deamination,
since either a water molecule or a nitrosating agent such as nitric oxide in a cell can
initiate the reaction [1-3]. It is estimated that spontaneous deamination of cytosine to
uracil occurs at a rate of 40-400 and 4,000-40,000 per division for an E. coli and a
mammalian cell, respectively [4]. Because of the cytosine deamination reaction, a G/C
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base pair becomes a G/U base pair. Since uracil (U) pairs with adenine (A), therefore
cytosine deamination causes a G/U to A/T transition mutation, which is a significant
common genetic change in an aerobic organism such as Escherichia coli (E. coli) [5].
Uracil in DNA is removed by uracil DNA glycosylase, which initiates base
excision repair (BER) in both prokaryotic and eukaryotic organisms. E. coli UNG (uracil
N-glycosylase) was the first discovered uracil DNA glycosylase, which excises uracil
from both double-stranded and singly-stranded DNA [6, 7]. A second uracil DNA
glycosylase was found back in 1996 in E. coli, which was homologous to a human
G/T(U)-specific DNA glycosylase, thymine DNA glycosylase TDG [8,9]. This E. coli
enzyme is called MUG for mismatch-specific uracil DNA glycosylase or DUG for
double-strand uracil DNA glycosylase. Unlike the UNG that removes uracil in both
single-stranded and double-stranded DNA, MUG prefers excision of uracil in a
mismatched double-stranded DNA such as C/U, G/U and T/U [10]. Uracil in singlestrand DNA and in A/U Watson-Crick base pair is not a substrate for MUG [10].
It was reported that E. coli Ndk (nucleoside diphosphate kinase) was a uracil
DNA glycosylase that excised uracil in single-stranded DNA and both G/U and A/U in
double-stranded DNA [11]. Furthermore, it was found that the uracil removing activity
was inhibited by Ugi, a small polypeptide that inhibits UNG-like uracil DNA
glycosylases. However, two studies from two independent groups reputed the finding of
Ndk as a uracil repair enzyme [12, 13].

While the initial finding of uracil DNA

glycosylase activity seemed to come from E. coli UNG contamination, an interesting
finding was made in which UDG activity was detected when Ndk was purified from an E.
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coli ung- mug- strain [14]. Although the origin of the UDG activity was not clear, the
detection of additional UDG activity in ung- mug- cells raised the question whether E.
coli genome contains a third uracil DNA glycosylase.
Endonuclease III is a bifunctional DNA glycosylase known for its repair activity
on oxidized pyrimidines [15]. In the course of investigating deaminated base repair, we
fortuitously detected UDG activity in E. coli Endo III. Here we report expression and
purification of E. coli Ndk and Endo III in E. coli BL21 (DE3) strain that is deficient in
all known or potential uracil DNA repair genes (ung mug nfi nth ndk). No UDG activity
was detected in Ndk under all assay conditions tested. The purified Endo III was assayed
for UDG activity in both the presence and absence of Ugi. This work definitively proves
that E. coli Endo III is a uracil DNA glycosylase that is specific for G/U mismatched base
pairs. Consistent with this finding, one of Endo III homolog in human genome, MBD4 is
also a G/U specific UDG, suggesting that MBD4 has specialized as a UDG during
evolution.

III. Materials and Methods
A. Reagents, media and strains.
All routine chemical reagents were purchased from Sigma Chemicals (St. Louis,
MO), Fisher Scientific (Suwanee, GA), or VWR (Suwanee, GA). Restriction enzymes,
Taq DNA polymerase and T4 DNA ligase were purchased from New England Biolabs
(Beverly, MA). Phosphoenolpyruvate, pyruvate kinase, lactate dehydrogenase, NADH,
ATP and dTDP were purchased from Sigma Chemicals (St. Louis, MO). Bovine serum
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albumin (BSA) and dNTPs were purchased from Promega (Madison, WI). HiTrap
chelating was purchased from Amersham-Pharmacia Biotech (Piscataway, NJ).
Oligodeoxyribonucleotides were ordered from Integrated DNA Technologies Inc.
(Coralville, IA). LB medium was prepared according to standard recipes. Sonication
buffer consisted of 20 mM Tris-HCl (pH 7.5), 1 mM EDTA (pH 8.0), 0.1 mM DTT
(dithiothreitol), 0.15 mM PMSF (phenylmethylsulfonyl fluoride), and 50 mM NaCl.
GeneScan stop buffer consisted of 80% formamide (Amresco, Solon, OH), 50 mM
EDTA (pH 8.0), and 1% blue dextran (Sigma Chemicals). TB buffer (1 x) consisted of
89 mM Tris base and 89 mM boric acid. TE buffer consisted of 10 mM Tris-HCl (pH
8.0), and 1 mM EDTA. E. coli strain BL21 (DE3, slyD mug udg nfi nth ndk) was
constructed using P1 transduction.

B. Plasmid Construction, Cloning, and Expression of E. coli NTH.
The E. coli NTH gene was amplified by PCR using the forward primer Ec.NTH F
(5’-GGG AAT TCC ATA TGA ATA AAG CAA AAC GCC TGG AGA TC- 3’; the
NdeI site is underlined) and the reverse primer Ec.NTH R (5’-CCC AAG CTT GAT GTC
AAC TTT CTC TTT GTA TTC-3’; the HindIII site is underlined). The PCR reaction
mixture (50 µL) consisted of 8 ng of E. coli genomic DNA, 200 nM forward primer
Ec.NTH F and reverse primer Ec.NTH R, 1 x Taq PCR buffer (New England Biolabs),
200 µM each dNTP, and 5 units of Taq DNA polymerase (New England Biolabs). The
PCR procedure included a predenaturation step at 94°C for 5 min, 35 cycles of three-step
amplification with each cycle consisting of denaturation at 94°C for 1 min, annealing at
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45°C for 1 min and extension at 72°C for 2 min, and a final extension step at 72°C for 10
min. The PCR product was purified by phenol extraction and ethanol precipitation.
Purified PCR product and plasmid pET21a(+) were digested with NdeI and HindIII,
purified with phenol/chloroform extraction and ligated according to the manufacturer’s
instructional manual. The ligation mixture was transformed into E. coli strain JM109
competent cells prepared by electroporation. The sequence of the E. coli NTH gene in
the resulting plasmid (pET21a(+)-NTH) was confirmed by DNA sequencing.
To express the C-terminal His-6-tagged E. coli NTH, pET21a(+)-NTH was
transformed into E. coli strain BL21 (DE3, slyD mug udg nfi nth ndk) by electroporation.
An overnight E. coli culture was diluted 100-fold into LB medium (250 mL)
supplemented with 100 µg/mL ampicillin and grown at 37°C with shaking at 250 rpm
until the optical density at 600 nm reached about 0.4. After adding IPTG to a final
concentration of 1 mM, the culture was grown at room temperature for an additional 16
h. Cells were collected by centrifugation at 4,000 rpm with GSA-10 rotor at 4°C and
washed once with pre-cooled sonication buffer.
To purify the E. coli NTH protein, the cell pellet from a 250-mL culture was
suspended in 7 mL sonication buffer and sonicated at output 5 for 3 x 1 min with 5 min
rest on ice between intervals. The sonicated solution was clarified by centrifugation at
12,000 rpm with SS-34 rotor at 4°C for 20 min. The supernatant was transferred into a
fresh tube and loaded onto a 1 mL HiTrap chelating column (GE Healthcare). The
column was washed with chelating buffer A (20 mM sodium phosphate (pH 7.4), 500
mM NaCl and 2 mM imidazole). The bound protein in the column was eluted with a

73

linear gradient of 0-100 % chelating buffer B (chelating buffer A and 500 mM
imidazole).
Fractions of the elute were analyzed by 12% SDS-PAGE and those fractions
containing NTH (60% chelating buffer B) were pooled and concentrated through
Microcon YM 10 (Millipore). The protein concentration was quantified by Bradford
method using bovine serum albumin as a standard. The NTH protein was stored in
aliquots at -80°C. Prior to use, the protein was diluted in 1 x storage buffer (10 mM TrisHCl (pH 8.0), 1 mM DTT, 1 mM EDTA, 200 µg/ml BSA, 50% Glycerol).

C. Plasmid Construction, Cloning, and Expression of Coxiella burnetii NTH.
The Coxiella burnetii NTH gene was amplified by PCR using the forward primer
Cbu.NTH F (5’-GGG AAT TCC ATA TGG ATC AAA CTG AAC GTG AAG AAA
TT- 3’; the NdeI site is underlined) and the reverse primer Cbu.NTH R (5’-CCG CTC
GAG TTC CGT GGG ATT GGA TAA GTT GAG-3’; the XhoI site is underlined) from 8
ng of Coxiella burnetii genomic DNA (a kind gift from Dr. James Samuel at Texas A&M
University System Health Science Center). The subsequent steps of plasmid construction,
cloning and expression were carried out similarly to E. coli NTH.

D. Plasmid Construction, Cloning, and Expression of Human MBD4.
The glycosylase domain of Human MBD4 gene was amplified by PCR using the
forward primer MBD4 F (5’-GGG AAT TCC ATA TGG CTC TTA GCC CCC CAC
GAC GTA AA- 3’; the NdeI site is underlined) and the reverse primer MBD4 R (5’-ATA
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AGA ATG CGG CCG CAG ATA GAC TTA ATT TTT CAT GAT T-3’; the NotI site is
underlined) from 8 ng of Human MBD4-pET28 plasmid (a kind gift from Dr. Tim
O’Connor at City of Hope). The subsequent steps of plasmid construction, cloning and
expression were carried out similarly to E. coli NTH.

E. Plasmid Construction, Cloning, and Expression of E. coli NDK.
The E. coli NDK gene was amplified by PCR using the forward primer NDK F
(5’-GGG AAT TCC ATA TGG CTA TTG AAC GTA CTT TTT CCA TC- 3’; the NdeI
site is underlined) and the reverse primer NDK R (5’-CCC AAG CTT ACG GGT GCG
CGG GCA CAC TTC GCC-3’; the HindIII site is underlined) from 8 ng of E. coli
genomic DNA. The subsequent steps of plasmid construction, cloning and expression
were carried out similarly to E. coli NTH.

F. Plasmid Construction, Cloning, and Expression of E. coli UNG.
The E. coli UNG gene was amplified by PCR using the forward primer UNG F
(5’-GGG AAT TCC ATA TGG CTA ACG AAT TAA CCT GGC ATG AC - 3’; the
NdeI site is underlined) and the reverse primer UNG R (5’-CCC AAG CTT CTC ACT
CTC TGC CGG TAA TAC TGG -3’; the HindIII site is underlined) from 8 ng of E. coli
genomic DNA. The subsequent steps of plasmid construction, cloning and expression
were carried out similarly to E. coli NTH.
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G. Construction of E. coli Nth-K120Q Mutant.
An overlapping extension PCR procedure was used for the construction of K120Q
mutant [16]. The first round of PCR was carried out using E. coli genomic DNA as
template with two pairs of primers, Ec.NTH F and K120Q-R (5’-GAC GTT GGC TGT
TTG ACG ACC TAC GCC GGG CAG GGC-3’, the K120Q site is underlined) pair &
Ec.NTH R and K120Q-F (5' CCC GGC GTA GGT CGT CAA ACA GCC AAC GTC
GTA TTA -3', the N18A site is underlined) pair. The PCR mixtures (50 µL) contained
80 ng of pET21a(+)-NTH as a template, 200 nM of each primer pair, 200 µM each dNTP,
1 × Taq DNA polymerase buffer (New England Biolabs), and 5 units of Taq DNA
polymerase (New England Biolabs). The PCR procedure included a predenaturation step
at 95°C for 3 min; 30 cycles of three-step amplification with each cycle consisting of
denaturation at 94°C for 45 s, annealing at 57°C for 45 s and extension at 72°C for 1 min;
and a final extension step at 72°C for 10 min. The resulting two expected PCR fragments
were used for overlapping PCR to introduce the desired mutation. This second run of
PCR reaction mixture (100 µL), which contained 1 µL of each of the first run PCR
products, 100 µM each dNTP, 1 × Taq DNA polymerase buffer, and 5 units of Taq DNA
polymerase, was initially carried out with a predenaturation at 95°C for 2 min, five cycles
with each cycle of denaturation at 94°C for 30 s and annealing and extension at 60°C for
4 min, and a final extension at 72°C for 5 min. Afterward, 100 nM outside primers
(Ec.NTH F and Ec.NTH R) were added to the above PCR reaction mixture to continue
the overlapping PCR reaction under the same reaction condition with 25 additional cycles.
The PCR product was cloned into pET21a(+) as described above. The recombinant
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plasmid (pET21a(+)-NTH-K120Q), confirmed by DNA sequencing, was transformed
into E. coli strain BL21 (DE3, slyD mug udg nfi nth ndk) by electroporation. The E. coli
NTH-K120Q protein was expressed and purified as described above.

H. Oligodeoxynucleotide Substrates.
The sequence of the oligonucleotides is shown in Fig. 1A. The fluorescently
labeled oligodeoxynucleotide substrates were prepared and purified by Integrated DNA
Technologies Inc. (Coralville, IA), and dissolved in TE buffer at a final concentration of
10 µM. The two complementary strands with the unlabeled top strand in 1.2-fold molar
excess were mixed, incubated at 85°C for 5 min, and allowed to form duplex DNA
substrates at room temperature for more than 3 h.

I. DNA Glycosylase Activity Assay.
DNA glycosylase cleavage assays for E. coli NTH were performed at 37°C for 60
min in a 10 µL reaction mixture containing 10 nM oligonucleotide substrate, 100 nM
glycosylase protein, 20 mM Tris-HCl (pH 7.5), 100 mM KCl, 5 mM EDTA and 2 mM 2mercaptoethanol. Reactions were quenched by addition of an equal volume of GeneScan
stop buffer. After incubation at 95°C for 5 min, samples (3.8 µL) were loaded onto a 7 M
urea-10% denaturing polyacrylamide gel. Electrophoresis was conducted at 1500 V for
1.8 h using an ABI 377 sequencer (Applied Biosystems).

Cleavage products and

remaining substrates were quantified using GeneScan analysis software.
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J. Ndk kinase activity assay.
The kinase activity of the recombinant E. coli Ndk was determined by an enzymecoupled assay as described previously [17]. The reaction mixtures (1 mL) containing 50
mM Tris-HCl (pH 7.5), 50 mM KCl, 6 mM MgCl2, 0.1 mM phosphoenolpyruvate, 0.1
mg/mL NADH, 2.1 units of pyruvate kinase, 3 units of lactate dehydrogenase, and 1
mg/mL BSA in plastic disposable cuvettes were incubated at room temperature in the
presence of 0.5 mM ATP as the donor of phosphate and 0.1 mM dTDP as the phosphate
acceptor nucleotide. The reaction was initiated by the addition of 400 ng of purified E.
coli Ndk protein. NADH oxidation, which produced a decrease in absorbance at 340 nm,
was measured by UV spectrophotometry. Ndk activity was determined by the decreasing
value of absorbance. The control reaction was performed identically with omission of the
E. coli Ndk protein.

IV. Results
A. Detection of uracil DNA glycosylase activity in E. coli endonuclease III
Cytosine deamination is a common lesion in DNA. During the cause of analyzing
repair activities in E. coli glycosylases, we measured uracil DNA glycosylase activity
from Endonuclease III using both double-stranded and single-stranded oligonucleotide
substrates (Fig. 1A). Unexpectedly, we detected uracil DNA glycosylase activity on all
five U-containing substrates (C/U, G/U, A/U, T/U and single-stranded U) (Fig. 1B). The
activity on the G/U substrate is noticeably stronger than other substrate. Because the
recombinant E. coli Endo III protein was purified from a wild type E. coli strain that
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contains ung, we tested whether the UDG activity could be inhibited by Ugi. Indeed,
activities on C/U, A/U, T/U and single-stranded U were completely inhibited by the
addition of 2 units of Ugi (Fig. 1B). However, the activity on G/U substrate was still
significant even assayed in the presence of Ugi (Fig. 1B). These results indicated that the
remaining activity on G/U could not be accounted for by UNG contamination.
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Figure 3.1. Cleavage of uracil-containing DNA substrate by E. coli Endo III and
MUG
DNA
glycosylases.
A.
Sequences
of
uracil
(U)-containing
oligodeoxyribonucleotide substrates. B. DNA glycosylase activity of E. coli Endo III on
U-containing substrates either with Ugi or without Ugi. Cleavage reactions were
performed as described in Materials and Methods with 100 nM E. coli Endo III protein
and 10 nM substrate. In some reactions, 2 U of Ugi (2 U/μl, NEB) were added to the
reaction mixtures. The recombinant E. coli Endo III obtained from E. coli BL21 (DE3)
expression strain. C. DNA glycosylase activity of E. coli MUG on U-containing
substrates either with Ugi or without Ugi. Cleavage reactions were performed identically
as in Figure 1B except that the E. coli Endo III was substituted by recombinant E coli
MUG protein. The recombinant E coli MUG protein was obtained from strain BH214
((DE3) ung- mug-).

Because E. coli cells also contain another mismatch-specific uracil DNA
glycosylase (MUG). We examined its activity on the U-containing substrates under the
same assay conditions using recombinant protein purified in our laboratory. MUG was
active on C/U, G/U and T/U substrates (Fig. 1C). As expected, the activity was not
inhibited by Ugi (Fig. 1C). Since the activity detected in Endo III protein on C/U and
T/U substrates was inhibited by Ugi, it is unlikely that the remaining activity on G/U
could be accounted for by MUG contamination.

B. UDG activity in E. coli Endo III purified from a uracil-repair deficient strain
Given the controversy surrounding the reports of uracil DNA glycosylase from
Ndk, we decided to determine the authenticity of the uracil DNA glycosylase in Endo III
by purifying the enzyme from a clean genetic background. To do so, all five genes with
known or potential uracil DNA glycosylase or deoxyuridine endonuclease activity, ung,
mug, nfi, nth and ndk, were deleted in the E. coli expression strain BL21 (DE3). The
genotype of the deletion strain (∆5) was confirmed by PCR assays, in which the deletion
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strain turned out negative while the wild type strain was positive (Fig. 2A). As expected,
the control PCR reactions with nei primers turned positive (Fig. 2A).

E. coli nth gene

was then cloned and expressed in this uracil-repair deficient strain. The wt and an active
site mutant K120Q protein were purified by column chromatography.

Both the wt

protein and the K120Q mutant showed identical chromatographic behavior by eluting at
60% imidazole concentration (data not shown). As anticipated, the wt Endo III showed
uracil DNA activity only on the G/U substrate, which was not inhibited by Ugi (Fig. 2B).
The purified active site K120Q mutant protein did not contain any detectable activity on
all U-containing substrates, suggesting that the G/U activity was authentic to Endo III
(Fig. 2B).

Figure 3.2. Cleavage of uracil-containing DNA substrates by recombinant E. coli
Endo III protein obtained from uracil-deficient expression strain. A. PCR
confirmation of the genotype of the ∆5 deletion strain (BL21 (DE3) ung- mug- nfi- nthndk-). B. UDG activity in recombinant Endo III protein. Cleavage reactions were
performed as described in Materials and Methods with 100 nM wt recombinant E. coli
Endo III protein purified from the ∆5 strain and 10 nM substrate either with Ugi or
without Ugi.
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The G/U activity was most robust with low salt concentration (Fig. 3A). Under
the optimal KCl concentration (0 mM), a time course analysis indicated that approximate
40% of uracil was excised after one-hour incubation, with an apparent rate constant of
0.0125 per min (Fig. 3B-3C). The UDG activity from Endo III was most active at pH 5-7
while alkaline conditions reduced the activity substantially (data not shown).

Figure 3.3. Kinetic analysis of glycosylase activity of E. coli Endo III on G/U
substrate. A. Salt effect on the UDG activity in Endo III. Cleavage reactions were
performed as described in Materials and Methods with 100 nM wt E. coli Endo III
protein and 10 nM G/U substrate in the presence of indicated KCl concentration. B. A
representative GeneScan gel picture of glycosylase activity of E. coli Endo III on the G/U
substrate. Cleavage reactions were performed as described in Materials and Methods
with 100 nM wt E. coli Endo III protein and 10 nM substrate but without KCl. C. A plot
of time course analysis of cleavage activity on the G/U substrate.

C. G/U-specific uracil DNA glycosylase activity in other organisms
Based on the finding of G/U-specific UDG activity in E. coli Endo III, we were
curious whether other Endo III homologs contained a similar activity. A phylogenetic
analysis indicated that NTH family proteins can be divided into three groups (Fig. 4A).
Group 1 includes nth homologs from E. coli, intracellular bacterial pathogen Coxiella
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burnetii,

Mycobacterium

tuberculosis

and

other

bacteria.

Human

MBD4,

Methanothermobacter thermautotrophicus Nth and Deinococcus radiodurans fall to
Group 2. Group 3 contains nth homologs from the thermophilic bacterium Aquifex
aeolicus, the budding yeast and human nth1.
Selected nth genes from each group were cloned and expressed in the ∆5 strain
and proteins were purified by column chromatography. Nth from C. burnetii possessed a
similar G/U-specific UDG activity (Fig. 4B). Likewise, human MBD4 was active to the
G/U substrate (Fig. 4C). These results indicated that a subset of nth homologs contained
G/U-specific UDG activity.
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Figure 3.4. Distribution of G/U-specific UDG activity in Endo III (Nth) family
proteins. A. Phylogenetic tree of Endo III family proteins. ClustalW2 program in
EMBL-EBI site was used to viewing Phylorams. Genbank accession numbers are shown
after the species names. Eco_Nth, Escherichia coli, NP_416150; Cbu_Nth, Coxiella
burnetii RSA 493, AAO91192; Mtu_Nth, Mycobacterium tuberculosis H37Rv,
NP_218191; Dra_Nth1, Deinococcus radiodurans R1, NP_294012; Dra_Nth2,
Deinococcus radiodurans R1, NP_296158; Dra_Nth3, Deinococcus radiodurans R1,
NP_294652; Aqu_Nth1, Aquifex aeolicus VF5, NP_213346; Aqu_Nth2, Aquifex aeolicus
VF5, NP_213196; Mth_MIG, Methanothermobacter thermautotrophicus, P29588;
Hsa_MBD4, Homo sapiens, AAC68879; Sce_Ntg1, Saccharomyces cerevisiae,
NP_009387; Sce_Ntg2, Saccharomyces cerevisiae, NP_014599; Hsa_Nth1, Homo
sapiens, AAC51136. B. UDG activity in Coxiella burnetii Endo III protein. Cleavage
reactions were performed as described in Materials and Methods with 100 nM C. burnetii
Endo III protein and 10 nM substrate but without KCl. C. UDG activity in human MBD4
protein. Cleavage reactions were performed as described in Materials and Methods with
100 nM hMBD4 protein and 10 nM substrate but without KCl.

D. UDG activity in E. coli Ndk
To further clarify whether Ndk contains uracil DNA glycosylase activity, the E.
coli ndk gene was cloned and expressed in the uracil repair-deficient ∆5 strain. Ndk
protein was purified to apparent homogeneity by column chromatography. Prior to
assaying for UDG activity, the purified Ndk protein was subject to kinase assay to
determine the biochemical activity.

A decrease of optical density at 340 nm was

observed, indicating that the protein was folded correctly and biochemically active (Fig.
5A). The same Ndk protein was then used to determine its UDG activity. However, no
UDG activity was detected in any of the double-stranded or single-stranded U-containing
DNA, suggesting that E. coli Ndk did not contain UDG activity that can be demonstrated
under the assay conditions (Fig. 5B). To verify that the lack of detectable UDG activity
was not due to improper assay conditions, the UDG assay was performed in KCl
concentrations ranging from 0 to 200 mM and pH ranging from 5 to 10. Still, no UDG
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activity can be detected (data not shown). Since it was reported that Mg2+ could
stimulate the UDG activities of human UNG and human SMUG1 [18], we tested whether
E. coli Ndk could show UDG activity in the presence of Mg2+. However, addition of
Mg2+ to the reaction mixtures did not make a difference (data not shown). These results
verified the lack of UDG activity in E. coli Ndk protein under current assay conditions.

Figure 3.5. Assays of nucleotide kinase and UDG activity in Ndk protein. A.
Nucleotide kinase activity assay. The nucleotide kinase reactions were performed as
described in Materials and Methods with 400 ng of E. coli Ndk protein, which was
purified from the ∆5 uracil-repair deficient strain. B. UDG activity assay with E. coli
Ndk. Cleavage reactions were performed as described in Materials and Methods with
100 nM recombinant E. coli Ndk protein purified from the ∆5 strain and 10 nM substrate
but without KCl. C. UDG activity assay with E. coli UNG. Cleavage reactions were
performed as described in Materials and Methods with 0.01 nM recombinant E. coli
UNG protein purified from the ∆5 strain and 10 nM substrate. The reaction mixtures
were incubated at 37°C for 1 hour. D. UDG activity assay with E. coli UNG in the
presence of E. coli Ndk. Cleavage reactions were performed as described in Materials
and Methods with 0.01 nM recombinant E. coli UNG, 10 nM substrate and 100 nM Ndk
but without KCl. Purified E. coli UNG and Ndk proteins were stored in a storage buffer
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containing 10 mM Tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0), 1 mM DTT and 50%
glycerol at -20°C prior to use. E. UDG activity assay with E. coli UNG in the presence
of BSA. Cleavage reactions were performed as described in Materials and Methods with
0.01 nM recombinant E. coli UNG, 10 nM substrate and 100 nM BSA (Sigma, A-8531)
but without KCl. F. Effects of E. coli Ndk and BSA on UDG activity from E. coli UNG.
Open bars: E. coli UNG alone; solid bars: with E. coli Ndk; hatched bars: with BSA.
Data are the averages of three independent experiments and presented as means±SD.

E. Stimulation of UDG activity by E. coli Ndk
Because it was reported that Ndk can stimulate the UDG activity from E. coli
UNG, the effect of the Ndk purified from the uracil repair-deficient strain on the UDG
activity from UNG was tested. As shown in Fig. 5C, E. coli UNG was active on all
uracil-containing substrate. When E. coli Ndk protein was added to the reaction mixtures,
the amount of cleavage products was significantly increased in the range of two-fold (Fig.
5D and 5F). To verify the specificity of the stimulation, we tested whether BSA could
stimulate the UDG activity in E. coli UNG. As shown in Fig. 5E, BSA appeared to
stimulate the UDG activity as well under our assay conditions. The extent of stimulation
was in general similar between Ndk and BSA (Fig. 5F). Another protein we tested,
carbonic anhydrase, also showed a similar stimulation pattern as BSA (data not shown).
To verify that the stimulation from BSA and carbonic anhydrase was not due to UDG
activity inherent in the two protein preparations, we performed UDG assays with BSA
and carbonic anhydrase. Neither of the proteins showed UDG activity on any of the
uracil-containing DNA (data not shown), suggesting that BSA and carbonic anhydrase
themselves can stimulate the UDG activity in E. coli UNG.
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V. Discussion
The notion that E. coli Ndk is a uracil DNA glycosylase is rebutted by two
biochemical studies [12, 13]. However, it is unsettling since E. coli Ndk protein purified
from ung- mug- strain still shows UDG activity [14]. Further, it is noted that Ndk
physically and functionally interacts with UNG and augments the catalytic activity of
UNG [14].

In the course of investigating the deaminated repair activity in DNA

glycosylases, we detected G/U-specific UDG activity in E. coli Endo III DNA
glycosylase. This unexpected finding, combined with the unresolved issues surrounding
the additional UDG activity in the ung- mug- genetic background, prompted us to
conduct a comprehensive investigation of the third UDG enzyme in E. coli.
It is the experience of other researchers as well as our own that UNG
contamination is a main problem in claiming novel UDG activity. To circumvent the
contamination problem and definitively prove or disprove the third UDG activity, we
constructed a uracil repair deficient E. coli expression strain with all the known and
potential genes that show uracil repair activity deleted, thus providing a genetically clean
background for our study. Our study provides no evidence to support the notion that E.
coli Ndk contains intrinsic UDG activity, since the biochemically active Ndk obtained
from such a clean genetic background shows no indication of UDG activity (Fig. 5). It is
reported that E. coli Ndk can stimulate the UDG activity of E. coli UNG. While we did
observe enhancement of UDG activity, the effect appears not specific since BSA can
stimulate UNG similarly.
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The finding of UDG activity in E. coli Endo III is confirmed by two lines of
experimental evidence. First, recombinant E. coli Endo III purified from the ∆5 strain
exhibits UDG activity (Fig. 2). Second, the active site mutant K120Q purified from the
same strain shows no indication of UDG activity (Fig. 2), suggesting that the UDG
activity is intrinsic to E. coli Endo III.
UDG activity is not inhibited by Ugi.

Unlike E. coli UNG but similar to MUG, the
This is conceivable given their structural

distinction [19]. The G/U-specific UDG activity is also found in other nth homologs (Fig.
4), indicating that a subset of Endo III homologs have evolved to possess UDG activity.
Human genome contains two Endo III homologs as, one being hNth1 and other being
MBD4. Consistent with previously studies [20], our results show that hMBD4 is a G/Uspecific UDG while hNth1 contains no UDG activity.

It appears that hMBD4 has

evolved to become G/U and G/T repair enzyme to remove cytosine or 5-methyl-cotosine
deamination product from DNA while hNth1 maintains its repair function on oxidative
pyrimidine damage. While the bacterial Endo III is still a versatile repair enzyme, the
human Nth1 and MBD4 have been specialized to their repair function, thus providing
dedicated tools for maintaining genome integrity.
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CHAPTER FOUR
REPAIR OF DEAMINATED BASE DAMAGE BY PENICILLIUM MARNEFFEI
MISMATCH-SPECIPIC URACIL DNA GLYCOSYLASE
I. Abstract
Mismatch-specific uracil DNA glycosylase (MUG) is known as double stranded
uracil DNA glycosylase removing uracil from C/U, G/U and T/U base pairs. Penicillium
marneffei (Pma) MUG is a member of the TDG/MUG family that belongs to a uracil
DNA glycosylase superfamily. This study shows the DNA repair activity of Pma MUG
on all four deaminated bases (xanthine (X), oxanine (O), hypoxanthine (I) and uracil (U)).
Pma MUG exhibits strong activity on hypoxanthine among four deaminated bases, with
the descending order of I > X > U > O in both double-stranded and single-stranded DNA.
To identify important residues for its activity in Pma MUG, we made several single
mutants based on sequence alignment of TDG/MUG family and modeled Pma MUG
structures. Among 13 mutants, N144A mutant shows lowest detectable activity on
xanthine and hypoxanthine substrate with no activity on uracil and oxanine substrate.
Even though N144A mutant’s activity was not completely abolished, we think that N144
position might be involved in catalytic activity on Pma MUG based on both biochemical
assay and modeling study.

II. Introduction
DNA is constantly attacked by both endogenous and exogenous DNA damaging
reagents. One of DNA damages is DNA deamination. DNA deamination means the
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removal of amino group from DNA base. Among four normal DNA base, three of them
(adenine, cytosine and guanine) have an amino group. DNA deamination of adenine (A),
cytosine (C) and guanine (G) generates hypoxanthine (I, called inosine in DNA), uracil
(U) and xanthine (X)/oxanine (O), respectively [1, 2]. If damaged bases are not repaired
correctly before replication, these may results in mutations.
To remove DNA damages, cells have developed several DNA repair mechanisms.
Among them, the base excision repair (BER) is one of major pathways to repair base
deamination damage. BER pathway is initiated by the DNA glycosylase which
recognizes and removes specific damaged base. Previously, many DNA glycosylases
recognizing base deamination have been studied. The mispaired uracil will be repaired
mainly by uracil DNA glycosylase superfamily consisting of five families [3, 4]. The
DNA glycosylases recognizing hypoxanthine include mammalian alkyladenine DNA
glycosylase (AAG), E. coli 3-methyladenine DNA glycosylase II (AlkA), Spo TDG of
family 2 UDG and Pa-UDGb of family 5 UDG. [5-8]. To repair xanthine and oxanine,
there are several repair enzymes including AlkA and Endonuclease VIII/Fpg family in
the E. coli system [9]. In the human, AlkA homologous, Mpg (methylpurine glycosylase
or AAG) recognizes xanthine or oxanine to repair it [10]. Both human SMUG1 and
Geobacter metallireducens (Gme) SMUG1 shows the activity on xanthine [23]. Spo
TDG of family 2 UDG also excises xanthine or oxanine [6]. The oxanine DNA
glycosylase (ODG) activities have been detected in two human glycosylases, hNEIL1 and
hSMUG1 [11].
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Family 2 UDGs consist of E. coli mismatch-specific uracil DNA glycosylase
(MUG), human thymine DNA glycosylase (TDG) and their homologs [12]. TDG was
first found as G/T mismatch-specific thymine DNA glycosylase isolated from extracts of
HeLa cells [13]. TDG removes thymine from G/T mismatch formed by the deamination
of 5-methylcytosine. TDG also removes uracil from G/U, C/U, or T/U mismatch pair in
vitro [6, 14 and 15]. In addition, TDG has the detected activity on G/I pair to remove
inosine [6]. MUG is the bacterial homolog of human TDG and isolated from E. coli. This
enzyme was first identified as the double-stranded uracil DNA glycosylase removing
uracil from G/U pair [16]. Later, E. coli MUG has been shown the detectable activity on
the other uracil or cytosine derived bases [15]. Recently, E. coli MUG was found as a
robust xanthine DNA glycosylase [17].
To remove deaminated damaged bases, most organisms have at least one DNA
glycosylase of the UDG superfamily [12]. The family 1 UNG and family 2 MUG
proteins are found in broad species, but the other families are not ubiquitous. The fungal
pathogen that causes penicilliosis, Penicillium marneffei, has both family 1 UNG and
family 2 MUG, but no family 3, 4 and 5 proteins based on BLAST search against
Penicillium marneffei genome (NZ_ABAR01000000). The Penicillium marneffei
genome does not have an Endonuclease V, too.
Previously, there were several reports studying TDG/MUG homolog. In this study,
we purified and measured the base excision activity from Penicillium marneffei (Pma)
MUG. Pma MUG showed the detectable activity on all deaminated bases such as uracil,
xanthine, oxanine and hypoxanthine from both double-stranded and single-stranded DNA.
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The level of the glycosylase activity shows the following order of I > X > U > O. To our
knowledge, this is the first DNA glycosylase showing the strongest activity on
hypoxanthine substrate among all deaminated bases. To identify the catalytically
important residues in Pma MUG, we made 13 mutants based on sequence difference
between species from amino acid sequence alignment. The N144A mutant abolishes
glycosylase activity on uracil and oxanine completely, but still shows some residual
detectable activity on xanthine and hypoxanthine. Thus, N144 position plays an
important catalytic role in Pma MUG based on both biochemical approach and modeling
analysis.

III. Materials and Methods
A. Reagents, media and strains.
All routine chemical reagents were purchased from Sigma Chemicals (St. Louis,
MO), Fisher Scientific (Suwanee, GA) or VWR (Suwanee, GA). Restriction enzymes,
Taq DNA polymerase and T4 DNA ligase were purchased from New England Biolabs
(Beverly, MA). BSA and dNTPs were purchased from Promega (Madison, WI). HiTrap
chelating was purchased from Amersham-Pharmacia Biotech (Piscataway, NJ).
Oligodeoxyribonucleotides were ordered from Integrated DNA Technologies Inc.
(Coralville, IA). Gene Scan stop buffer consisted of 80% formamide (Amresco, Solon,
OH), 50 mM EDTA (pH 8.0), and 1% blue dextran (Sigma Chemicals). E. coli host strain
BH214 [thr-1, ara-14, leuB6, tonA31, lacY1, tsx-78, galK2, galE2, dcm-6, hisG4, rpsL,
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xyl-5, mtl-1, thi-1, ung-1, tyrA::Tn10, mug::Tn10, supE44, (DE3)] is a kind gift of Dr.
Ashok Bhagwat (Wayne State University, Detroit, MI).

B. Plasmid construction, cloning, and expression of Pma MUG.
The Pma MUG gene was amplified by PCR using the forward primer Pma.MUG
F (5'- GGG AAT TCC ATA TGA ATG TTA CTA ACT TGA AAA CAG ATG TC -3';
the NdeI site is underlined) and the reverse primer Pma.MUG R (5'- CCG CTC GAG
TGA TTG AGA TGA AAT AAG ACT ACG CTC CTC -3'; the XhoI site is underlined).
The PCR reaction mixture (50 µL) consisted of 8 ng of Pma genomic DNA, 200 nM
forward primer Pma.MUG F and reverse primer Pma.MUG R, 1 x Taq PCR buffer, 200
µM each dNTP, and 5 units of Taq DNA polymerase. The PCR procedure included a
predenaturation step at 94°C for 3 min, 30 cycles of three-step amplification with each
cycle consisting of denaturation at 94°C for 40 s, annealing at 60°C for 40 s and
extension at 72°C for 1 min, and a final extension step at 72°C for 10 min. The PCR
product was purified with Gene Clean 2 Kit (Qbiogene). Purified PCR product and
plasmid pET21a were digested with NdeI and XhoI, and followed by purifying gene
fragments with Gene Clean 2 Kit and ligated according to the manufacturer’s
instructional manual. The ligation mixture was transformed into E. coli strain JM109
competent cells prepared by electroporation method. The sequence of the Pma MUG
gene in the resulting plasmid (pET21a-Pma-WT-MUG) was confirmed by DNA
sequencing.
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To express the C-terminal His-6-tagged Pma MUG, pET21a-Pma WT MUG was
transformed into E. coli strain BH214 by electroporation. An overnight E. coli culture
containing pET21a-Pma WT MUG /BH214 was diluted 100-fold into LB medium
supplemented with 100 µg/mL ampicillin. The E. coli culture (250 ml) was grown at
37°C while being shaken at 250 rpm until the optical density at 600 nm reached about
0.6. IPTG was added to a final concentration of 1 mM. The culture continued to grow at
room temperature for an additional 16 h.
To purify the Pma MUG protein, bacterial cells from 250 ml cultures grown to
late exponential phase were harvested by centrifugation at 4,000 x g, and the cell pellet
was resuspended in 7 volume of lysis buffer (20 mM Tris-HCl (pH 7.5), 1 mM EDTA
(8.0), 0.1 mM DTT, 0.15 mM PMSF, 50 mM NaCl) and followed by sonication at output
5 for 3 x 1 min with 5 min rest on ice between intervals using Sonifier Cell Disruptor 350
(Branson). The sonicated lysates were centrifuged at 12,000 x g for 20 min, and the
proteins in soluble fraction were filtered by 0.45 µm syringe filter (Whatman, Clifton,
New Jersey). The transferred soluble fraction into a fresh tube was loaded into a 1 mL
HiTrap chelating column (GE Healthcare). The bound protein in the column was eluted
with a linear gradient of 0-100 % chelating buffer B (20 mM sodium phosphate (pH 7.4),
500 mM NaCl and 500 mM imidazole).
Fractions of elute were analyzed by 12% SDS-PAGE and those fractions
containing Pma MUG were pooled (60% buffer B). The pooled Pma MUG protein was
concentrated and calculated based on SDS-PAGE analysis using BSA as a standard.
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C. Site-directed mutagenesis.
In vitro mutagenesis of Pma MUG was performed using overlapping extension
PCR procedure. The first round of PCR was carried out using pET21a-Pma WT MUG as
template DNA with two pairs of primers, Pma.MUG F and N144A-R (5’- CAG GAT
GCC GGG GGC TAC GCC GAT GAG GAG GAG GAT-3’) and Pma.MUG R and
N144A-F (5’- CTC CTC ATC GGC GTA GCC CCC GGC ATC CTG ACA GGC-3').
The PCR mixture (50 µL) contained 10 ng of pET21a-Pma-WT-MUG as a template, 200
nM each primer, 200 µM each dNTP, 1× Taq DNA polymerase buffer, and 5 unit of Taq
DNA polymerase. The PCR procedure included a predenaturation step at 95°C for 3 min,
30 cycles of three-step amplification with each cycle consisting of denaturation at 95°C
for 50 s, annealing at 65°C for 50 s and extension at 72°C for 1 min, and a final extension
step at 72°C for 10 min. The resulting two expected DNA fragments were used for
overlapping PCR to introduce the desired mutation. This second run of PCR reaction
mixture (100 µL), which contained 1 µL of each of the first run PCR products, 100 µM
each dNTP, 1× Taq DNA polymerase buffer, and 5 units of Taq DNA polymerase, was
initially carried out with a predenaturation at 95°C for 2 min, five cycles with each cycle
of denaturation at 95°C for 30 s and annealing and extension at 60°C for 4 min, and a
final extension at 72°C for 5 min. Afterward, 100 nM outside primers (Pma.WT MUG F,
Pma.WT MUG R) were added to the above PCR reaction mixture to continue the
overlapping PCR reaction under the same reaction condition with 25 cycles more. The
PCR product was cloned into pET21a as described above. The recombinant plasmid
(pET21a-Pma MUG N144A) containing the desired mutation gene was confirmed by
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DNA sequencing and transformed into E. coli strain BH214 by electroporation. The
desired mutation protein was expressed and purified as described above. In order to
generate the other Pma MUG mutants, the following oligonucleotide primers were used
showing in Table 4.1.

Table 4.1: Oligonucleotide primer sequences used in site-directed mutagenesis.
Mutated sites are underlined.
Primer
Sequence
V143I-F
CTC CTC CTC ATC GGC ATA AAC CCC GGC ATC CTG ACA
V143I-R
GAT GCC GGG GTT TAT GCC GAT GAG GAG GAG GAT TAG
V143S-F
CTC CTC CTC ATC GGC TCA AAC CCC GGC ATC CTG ACA
V143S-R
GAT GCC GGG GTT TGA GCC GAT GAG GAG GAG GAT TAG
N144A-F
CTC CTC ATC GGC GTA GCC CCC GGC ATC CTG ACA GGC
N144A-R
CAG GAT GCC GGG GGC TAC GCC GAT GAG GAG GAG GAT
L148S-F
GTA AAC CCC GGC ATC TCG ACA GGC TCA ACA GGC TAC
L148S-R
TGT TGA GCC TGT CGA GAT GCC GGG GTT TAC GCC GAT
L148V-F
GTA AAC CCC GGC ATC GTG ACA GGC TCA ACA GGC TAC
L148V-R
TGT TGA GCC TGT CAC GAT GCC GGG GTT TAC GCC GAT
L148M-F
GTA AAC CCC GGC ATC ATG ACA GGC TCA ACA GGC TAC
L148M-R
TGT TGA GCC TGT CAT GAT GCC GGG GTT TAC GCC GAT
T149S-F
AAC CCC GGC ATC CTG TCA GGC TCA ACA GGC TAC GCC
T149S-R
GCC TGT TGA GCC TGA CAG GAT GCC GGG GTT TAC GCC
T149A-F
AAC CCC GGC ATC CTG GCA GGC TCA ACA GGC TAC GCC
T149A-R
GCC TGT TGA GCC TGC CAG GAT GCC GGG GTT TAC GCC
N195D-F
AGC GTC GGA AAC ACG GAT ATC GTT GAG CGT CCG ACT
N195D-R
ACG CTC AAC GAT ATC CGT GTT TCC GAC GCT GTA CAA
N195K-F
AGC GTC GGA AAC ACG AAA ATC GTT GAG CGT CCG ACT
N195K-R
ACG CTC AAC GAT TTT CGT GTT TCC GAC GCT GTA CAA
V280N-F
GGA GCG AGG GTA TTC AAC GCT ACG ACG ACG AGT GGG
V280N-R
CGT CGT CGT AGC GTT GAA TAC CCT CGC TCC ATC CCA
A281I-F
GCG AGG GTA TTC GTG ATT ACG ACG ACG AGT GGG TTG
A281I-R
ACT CGT CGT CGT AAT CAC GAA TAC CCT CGC TCC ATC
A281S-F
GCG AGG GTA TTC GTG TCT ACG ACG ACG AGT GGG TTG
A281S-R
ACT CGT CGT CGT AGA CAC GAA TAC CCT CGC TCC ATC
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D. Oligodeoxynucleotide substrates.
The fluorescently labeled oligodeoxynucleotide substrates were designed and
their sequences are shown in Fig. 4.1A. Oligodeoxyribonucleotides were ordered from
IDT, purified by PAGE, and dissolved in TE buffer at a final concentration of 10 µM.
The two complementary strands with the unlabeled strand in 1.2-fold molar excess were
mixed, incubated at 85°C for 5 min, and allowed to form duplex DNA substrates at room
temperature for more than 30 min. The xanthine or oxanine-containing oliogonucleotide
were generated according to previously described reports [18, 19].

E. DNA glycosylase activity assays.
DNA glycosylase cleavage assays were performed at 37ºC for 60 min in a 10 µl
reaction mixture containing 10 nM double-stranded or single-stranded oligonucleotide
substrate, 100 nM of glycosylase, 20 mM Tris-HCl (pH 7.2), 5 mM EDTA and 2 mM 2mercaptoethanol. The resulting abasic sites were cleaved by incubating at 95ºC for 5 min
after adding 0.5 µl of 1 N NaOH. Reactions were quenched by addition of an equal
volume of GeneScan stop buffer. Samples (3.5 µl) were loaded onto a 7 M urea-10%
denaturing polyacrylamide gel.

Electrophoresis was conducted at 1500 voltage for 1.6

hr using an ABI 377 sequencer (Applied Biosystems). Cleavage products and remaining
substrates were quantified using GeneScan analysis software.
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F. Molecular modeling.
Sequence alignment was performed using CLUSTAL W. pairwise alignment of the
amino acid sequence from the Pma MUG glycosylase (NZ_ABAR01000000) and E. coli
MUG (1mwj) resulted in 30% identity between the two sequences. Based on these
sequence alignments and the 2rba pdb structure, a homology model was constructed for
Pma enzyme using the NEST program [24].

IV. Results and Discussion
A. Pma MUG as a DNA glycosylase for deaminated base damage.
The fungal pathogen Penicillium marneffei (Pma) contains a TDG/MUG homolog
in its genome sequence. Pma MUG shares 30% amino acid sequence identity with the E.
coli MUG. To find the base excision activity from Pma MUG, we designed
oligonucleotide substrates containing uracil, inosine, xanthine and oxanine (Fig. 4.1A and
B). The full length substrate length is either 62-mer or 60-mer. The product size is 36mer when the DNA glycosylase detect damaged lesion on designed substrate.
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Figure 4.1: Cleavage of deaminated base containing DNA substrate by Pma MUG.
(A) Sequences of xanthine (X) and oxanine (O) or, uracil (U), hypoxanthine (I)
containing oligodeoxyribonucleotides substrates. (B) Chemical structures of deaminated
DNA bases. (C) DNA glycosylase activity of wild type Pma MUG on all deaminated
bases. Cleavage reactions were performed as described in Section 3 with 100 nM protein
and 10 nM substrate.

We found the detectable DNA glycosylase activity on all deaminated bases (X, I,
U, and O) from the wild type Pma MUG (Fig. 4.1C). We observed the strong glycosylase
activity on hypoxanthine-containing substrate. Previously, there was a report showing
good activity on hypoxanthine substrate from Schizosaccharomyces pombe (Spo) TDG
[6]. However, wild type Pma MUG has shown much stronger activity on hypoxanthine
than Spo TDG’s activity in same assay condition. Spo TDG has shown the highest
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activity on xanthine rather than hypoxanthine. To our knowledge, this is the first DNA
glycosylase showing the strongest activity on hypoxanthine substrate among all
deaminated bases. We also found good glycosylase activity on xanthine-, uracilcontaining substrates and a weak activity on oxanine-containing substrate (Fig. 4.1C).
Pma MUG was active on both single-stranded and double-stranded DNA. Under the
assay conditions, the enzyme was in excess, which means the ratio of enzyme to substrate
is 10 to 1. In cases where the substrate was in excess, which means the ratio of enzyme to
substrate is 1 to 10, we could not detect any glycosylase activity (data not shown). The
reaction buffer did not contain salt, because when we did salt titration from 0 mM to 200
mM of KCl, the optimal condition was different depending on each substrate (data not
shown). Therefore, we think that 0 mM of salt condition is the most favorable for all
substrate. We also investigated the effects of temperature and pH on the reaction
condition. The enzyme was most active at 32°C up to 50°C with a pH between 7 and 9.
Therefore, we chose the reaction buffer at pH 7.2 with no salt and an incubation
temperature of 37°C for all reactions.
The time course analysis of cleavage activity from wild type Pma MUG has been
performed for all deaminated bases (Fig. 4.2). Cleavage assays were performed at 37°C
up to 60 min with a ratio of enzyme to substrate being 10 to 1. Pma MUG shows the lack
of specificity towards bases that pair with damaged bases. We observed that C/I, G/I, A/I,
T/I are cleaved with a similar efficiency even though single-stranded inosine substrate is
more preferable than double-stranded substrate (Fig. 4.2C).
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Figure 4.2: Kinetics analysis of DNA glycosylase activity of wild type Pma MUG on
four deaminated base-containing substrates. Cleavage reactions were performed as
described in Section 3 with 100 nM protein and 10 nM substrate up to 60 minutes.

For the xanthine substrates, wild type Pma MUG shows the similar pattern having
no specificity for opposite base pairing (Fig. 4.2A). However, on the uracil or oxanine
substrate, there was some preference to specific pair (Fig. 4.2B, D). There was more than
two times of cleavage percentage difference between lowest one (A/U or A/O pair) and
highest one (ssU or G/O pair), respectively. But overall substrate specificity is not
significant. This is big different with human TDG and E. coli MUG. The human TDG
shows narrow specificity of its activity on only G/I and T/U, C/U, G/U substrates [6]. E.
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coli MUG also is more specific towards C/U, G/U, T/U and all pair of xanthine substrate
[17]. Therefore, Pma MUG has the robust activity on four deaminated bases with no
specificity of opposite bases.

B. Site-directed mutagenesis of Pma MUG.
Pma MUG has 321 amino acids with a molecular mass of 35.3 kDa having
conserved motifs of TDG/MUG family. TDG/MUG family composes of the conserved
catalytic core domains in the middle part and non conserved extra N-terminal and Cterminal residues. The extra N-terminal and C-terminal residue sequences are varied
within the family and their sizes also differ from bacteria to eukaryotes. However, the
specific elements of the conserved domains represent that Pma MUG belongs to
TDG/MUG type in UDG superfamily based on sequence alignment. The core conserved
motifs consist of two domains such as motif 1 and motif 2 (Fig. 4.3).
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Figure 4.3: Sequence alignment of 5 families in UDG superfamily including family 2
(TDG/MUG) uracil DNA glycosylases. ClustalW2 program in EMBL-EBI site was
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used to viewing the alignment. The arrow in alignment shows the site mutated. Genbank
accession numbers are shown after the species names. Family 2 (MUG/TDG): Pma,
Penicillium marneffei NZ_ABAR01000000; Eco, Escherichia coli, P0A9H1; Dra,
Deinococcus radiodurans R1, NP_294438; Swi, Sphingomonas wittichii RW1,
ZP_01607068; Csp, Caulobacter sp. K31, ZP_01418424.1; Dge, Deinococcus
geothermalis DSM 11300, YP_605182.1; Acl, Aspergillus clavatus NRRL 1,
XP_001268386.1; Spo, Schizosaccharomyces pombe, O59825; Hsa, Homo sapiens,
NP_003202; Mba, Methanosarcina barkeri str. Fusaro, YP_304295.1; Family 1 (UDG):
Eco, Escherichia coli, NP_289138; Dra, Deinococcus radiodurans R1, NP_294412; Mtu,
Mycobacterium tuberculosis H37Rv, CAB05436.1; Hsa, Homo sapiens, NP_003353;
Mmu, Mus musculus, NP_035807; Xla, Xenopus laevis, NP_001085412; HSV1, Herpes
Simplex Virus-1, 1UDI. Family 3 (SMUG1): Gme, Geobacter metallireducens GS-15,
YP_383069; Asp, Azoarcus sp. BH72, YP_935478; Rba, Rhodopirellula baltica SH 1,
NP_869403; Oba, Opitutaceae bacterium TAV2, ZP_02013615.1; Spu,
Strongylocentrotus purpuratus, XP_782746.1; Hsa, Homo sapiens, NP_055126; Mmu,
Mus musculus, NP_082161; Xla, Xenopus laevis, AAD17300; Dme, Drosophila
melanogastser, NP_650609.1; Ame, Apis mellifera, XP_396883.2; Tca, Tribolium
castaneum, XP_971699.1. Family 4 (UDGa): Pae, Pyrobaculum aerophilum str. IM2,
NP_558739.1; Dra (DR 1751), Deinococcus radiodurans R1, NP_295474; Dra (DR
0022), Deinococcus radiodurans R1, AAF09614; Tma, Thermotoga maritima MSB8,
NP_228321.1; Nmu, Nitrosospira multiformis, YP_412806; Tth, Thermus thermophilus
HB27, YP_004341.1. Family 5 (UDGb): Pae, Pyrobaculum aerophilum str. IM2,
NP_559226; Sso, Sulfolobus solfataricus P2, NP_344053.1; Tvo, Thermoplasma
volcanium GSS1, NP_111346.1; Sco, Streptomyces coelicolor A3 (2), NP_626251.1;
Mtu, Mycobacterium tuberculosis H37Rv, P64785 (Rv1259); Tth, Thermus thermophilus
HB27, YP_004757.1.

The motif 1 is a more highly conserved active site motif than motif 2. The
asparagine within this motif is critical for catalysis in both human TDG (Asn140) and E.
coli MUG (Asn18) [12]. This position mediates hydrolysis of the N-glycosidic bond
linking the DNA base and sugar moiety. The hydrolysis is mediated by activating a water
molecule for a hydrophilic attack [20, 21]. E .coli MUG structure study showed that a
water molecule was bound between side chain amide and main chain peptide bond of
Asn18 in free MUG protein [22]. This active site Asn is conserved in all TDG/MUG
family. One study reported that mutation of human TDG Asn 140 to Ala showed
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undetectable enzyme activity [22]. They explained that this mutation blocks the
activation of water molecule in active site [20, 22]. Therefore, N140A mutation of human
TDG cannot bind a water molecule and then abolishes the activity [22]. Asn144 occupies
equivalent position in Pma MUG and therefore, it is considered the putative active site
residue in this enzyme. The N144A substitution in Pma MUG abolished the enzyme
activity on uracil and oxanine substrates completely in our study. But the enzyme activity
on xanthine and inosine substrates still was detectable (Fig. 4.4). Even though there were
still remained weak activities on xanthine and inosine substrate, we think this position,
Asn144, is a catalytic residue in Pma MUG. The mutational analysis is consistent with
the modeled Pma MUG structure that shows N144 is in close proximity of the glycosidic
bond (Fig. 4.5).

Figure 4.4: GeneScan gel picture of cleavage activity of N144A mutant on all
deaminated bases. Cleavage reactions were performed as described in Section 3 with
100 nM protein and 10 nM substrate.
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Figure 4.5: Modeled structure of Pma MUG. The uracil and N144 are shown in color.

The second motif 2, less conserved C-terminal motif also contributes to the active
site in TDG/MUG family. Motif 2 establishes specific contacts with the DNA substrate
during hydrolysis process. Therefore, motif 2 contributes the stability of DNA and
substrate specificity [20, 21]. Due to the broad specificity from Pma MUG, we want to
see the positions that determine the specificity for their activity. Both motif 1 and 2 forms
the binding pocket for recognition of damaged bases in the UDG superfamily [3].
Therefore, we selected 12 residues that differed within the family for mutational analysis
in both motif 1 and 2. We chose 4 positions at motif 1 and 3 positions at motif 2 showing
in arrow marks on the top of the alignment in Fig. 4.3. All the mutants were purified by
column chromatography, analyzed by SDS-PAGE and quantified by comparing with
standard BSA. The reaction condition of enzyme activity for mutants was same as the
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wild type’s reaction. The complete data set of cleavage percentage of mutants is
summarized in Table 4.2.

Table 4.2. Summary table for cleavage percentage of wild type Pma MUG and 13
mutants on all deaminated bases. Cleavage reactions were performed as described in
Section 3 with 100 nM protein and 10 nM substrate. C, G, A, T and ss stands cytosine,
guanine, adenine, thymine and single stranded, respectively. W.T stands wild type of
Pma MUG.
Enzyme
W.T
V143I
V143S
N144A
L148S
L148V
L148M
T149S
T149A
N195D
N195K
V280N
A281I
A281S

C
77
71
56
8
81
75
73
88
86
69
41
74
58
83

G
72
79
56
11
81
69
80
84
83
70
45
74
58
81

X
A
72
76
50
5
78
77
79
81
85
36
44
76
55
80

T
71
77
43
8
80
76
74
86
83
64
38
75
57
72

ss
85
81
51
7
84
77
81
87
88
60
36
80
59
85

C
63
88
27
0
98
59
75
56
81
27
3
60
31
70

G
51
95
31
0
98
60
82
55
91
35
10
58
31
78

U
A
37
78
3
0
88
24
67
40
52
0
0
46
3
37

T
72
94
31
0
99
63
85
61
96
30
9
57
34
64

ss
75
60
0
0
75
16
58
65
31
0
0
64
2
55

C
100
98
37
11
99
63
97
51
73
27
6
50
56
76

G
100
98
54
48
100
88
100
74
100
52
29
90
67
100

I
A
100
96
38
17
99
82
100
58
100
43
11
81
73
98

T
100
99
42
31
99
72
99
69
100
53
20
75
56
96

ss
98
97
52
7
97
70
72
97
100
9
0
95
64
98

C
31
32
12
0
4
13
16
46
23
0
0
19
0
23

G
53
44
19
0
26
29
32
49
42
0
0
36
9
40

O
A
28
31
2
0
5
7
15
33
19
0
0
19
0
16

We first selected V143 position in motif 1 for mutational analysis due to its
difference between species on the alignment (Fig. 4.3). Isoleucine (I) occupies equivalent
position in both E. coli MUG and human TDG. Therefore, we changed V143 position to
isoleucine to examine the effect on the enzyme activity. The V143I substitution exhibited
no effect on the cleavage of all deaminated bases (Table 4.2). Its cleavage percentage was
very similar with wild type’s cleavage percentage. And we also made V143S substitution
to mimick Archea Methanosarcina barkeri (Mba) MUG. The V143S mutant exhibited
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T
44
32
9
0
19
19
16
51
19
0
0
31
0
16

ss
39
43
0
0
5
0
7
37
11
0
0
19
0
9

reduced activity on all deaminated bases. It showed significantly reduced activity on
uracil, inosine and oxanine substrate. Both valine and isoleucine have the same polarity
as the nonpolar group based on side chain polarity. Therefore, V143I substitution had no
effect on function of enzyme. However, serine is a polar, therefore V143S substitution
showed significant effect on enzyme function by reducing enzyme activity.
L148 position amino acid sequences in the motif 1 also differ between species on
the alignment. Serine (S) occupies equivalent position in E. coli MUG, Methionine (M)
in human TDG, and valine (V) in Methanosarcina barkeri (Mba) MUG. All three
mutants, L148S, L148M, L148V, exhibited similar activity with wild type’s activity.
Even though L148S and L148M showed reduced activity on oxanine, L148V showed
reduced activity on inosine and oxanine substrate, overall enzyme activity pattern was
similar to wild type’s one. Regardless of amino acid side chain polarity, all three mutants
of this position had almost no effect on enzyme function. Therefore, this position may not
be involved in catalytic activity or give not significant effect on Pma MUG function.
Both T149S and T149A substitution in motif 1 exhibited reduced activity on
inosine substrate. T149S mutant showed reduced activity on all I substrates and T149A
mutant showed reduced activity on C/I pair. T149S mimicked E. coli MUG and T149A
mimicked human TDG. E. coli MUG has no activity on inosine substrate and human
TDG also has no activity on inosine except G/I pair. Therefore, the results from T149S
and T149A substitution may conclude that T149 position is involved in detecting or
functioning on the inosine substrate.
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N195 position in motif 2 is a little bit of conserved, but it differs in E. coli MUG
and Methanosarcina barkeri (Mba) MUG. Both N195K and N195D result in a loss of
oxanine DNA glycosylase (ODG) activity. Oxanine base structure is distinctly different
from other three deaminated bases. Because oxanine base structure contains an amino
group in C2 position [6]. C2 amino group of oxanine give the substrate difficult to
accommodate in the active site of binding pocket. This structural property of oxanine
may give the explanation of the low ODG activity observed from wild type Pma MUG.
And also it is easy to lose the ODG activity when a mutation is made in the binding
pocket. Besides the completely loss activity on oxanine, both N195K and N195D
exhibited significantly reduced activity on uracil and inosine substrate. The activities on
A/U and single stranded uracil were gone completely in both mutants.
V280N substitution mimicked E. coli MUG. This mutant showed similar activity
on xanthine and uracil substrate and reduced activity on inosine and oxanine substrate.
A281I substitution mimicked Schizosaccharomyces pombe (Spo) TDG. Spo TDG
also exhibited glycosylase activity on all deaminated base with strongest activity on
xanthine substrate [6]. A281 mutant abolished ODG activity on all oxanine substrate
except G/O pair. The activity on G/O was still remained a little bit showing 9% of
cleavage. Besides oxanine substrates, overall activity on xanthine, uracil, and inosine was
also significantly reduced. A281S substitution mimicked Methanosarcina barkeri (Mba)
MUG. Unlike A218I, A281S mutant showed similar activity with wild type Pam MUG
on xanthine, uracil, and inosine substrate except C/I pair. A218S mutant exhibit a little bit
reduced activity on oxanine substrate. We tried to design and purify the other mutants
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such as V280M, V280S, and A281P to check their influence on the enzyme function.
However, they were all insoluble, so we could not purify them.
In conclusion, this study achieved an understanding of the deaminated repair
capacity of Pma MUG. The data presented here shows that Pma MUG possesses DNA
glycosylase activity on all four deaminated bases (X, U, I, O). And also Pma MUG is the
first enzyme showing the strongest DNA glycosylase activity on hypoxanthine substrate
within TDG/MUG family. Pma MUG shows broad substrate specificity on all
deaminated based in both double stranded and single stranded DNA. Mutational analysis
shows that some positions in the binding pocket have significant effect on enzyme
activity of Pma MUG. N144 position equivalent of E. coli MUG N18 may be involved in
catalytic activity of Pma MUG based on both our biochemical study and modeling
analysis.
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CHAPTER FIVE
CONCLUDING REMARKS

DNA repair enzymes are important and essential in the cell to remove damaged
DNA so that they could maintain DNA stability against attack from both endogenous and
exogenous DNA damage reagents.
In this work, we have developed an E. coli genetic system to identify genes
involved in resistance to nitrosative stress imposed by reactive nitrogen intermediates.
Our method is useful for screening the genome of pathogens that are difficult to grow in
the laboratory [1-5]. Here, we have demonstrated the success of identification of DNA
repair uvrB gene in C. burnetii genome using our screening method. This is the first
report that Nucleotide excision repair (NER) is related to nitrosative stress in C. burnetii.
Endonuclease III is a DNA glycosylase to oxidative pyrimidine damage. In this
report, we identified Endonuclease III as a G/U-specific uracil DNA glycosylase. The
spontaneous deamination of cytosine to uracil commonly occurs in the cell [6]. Therefore,
removing uracil from guanine pair is really important. So far, there are two known DNA
glycosylases removing uracil, uracil DNA N-glycosylase (UNG) and mismatch-specific
uracil DNA glycosylase (MUG). This is the first report that E. coli endonuclease III (Nth)
is also involved in repair of uracil on DNA.
Uracil DNA glycosylase superfamily consist of five families [7-9]. Among five
families, family 2 is the TDG/MUG family. Penicillium marneffei (Pma) MUG is a
member of the TDG/MUG family. This study shows the DNA repair activity of Pma
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MUG on all four deaminated bases (xanthine (X), oxanine (O), hypoxanthine (I) and
uracil (U)). This is the first study showing that Pma MUG exhibits strong activity on
hypoxanthine among four deaminated bases. We also found that N144 position might be
involved in catalytic activity on Pma MUG based on both biochemical assay and
modeling study.
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